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Abstract 

We developed a method to decompose Raman spectra of mixed-phase TiO2 thin films on 

silicon wafers, fused silica, and crown glass substrates using adjustable model spectra of the 

different components of the substrate and the thin film. The modeled spectra were successfully 

fit to measured spectra. 

We split the TiO2 thin film spectrum into one spectrum for the amorphous phase and 

spectra for each crystalline phase (anatase, rutile, and brookite). The spectrum of each 

crystalline phase is divided into first-order scattering spectra and a phase background (including 

second-order scattering). The substrate spectrum is split into luminescence and Raman spectra 

in case the substrate is luminescent. 

This approach is integral, thus each contribution to the Raman spectra is fitted by models 

and there is no arbitrary background that has to be subtracted from the spectrum. All spectra 

are fitted simultaneously to the measured spectra whereas the fitting parameters of each 

spectrum are restricted to a reasonable degree. For example, while for single phase anatase 

spectra, the parameters of each first-order Raman peak is fitted individually, the background of 

minor-phase brookite is fitted by only one fit parameter. We explain the main strategies that we 

used to prepare the models so that they should be applicable to other materials. 

We took the spectra as Raman maps of 30 µm × 30 µm at 121×121 measurement points 

on undoped or Nb-doped TiO2 films that were prepared by reactive e-beam evaporation, rf-

magnetron sputtering, or rf-diode sputtering. We evaluated the individual resulting Raman 

spectra quantitatively and qualitatively. 

We used similar models to decompose X-ray diffractograms and quantified the number 

of counts that each of the TiO2 phases contribute to measured Raman spectra as well as to X-ray 

diffractograms. In strongly crystallized samples, we estimate the intensity ratio of Raman 

spectra vs. X-ray diffractograms of the TiO2 phases to the Raman spectra as brookite : anatase : 

amorphous : rutile = 10 : 5 : 3 : 1. This means for example that for a given amount, the ratio 

of anatase Raman intensity vs. anatase X-ray intensity is five times higher as compared to rutile. 

For a film that contains crystalline anatase islands that are surrounded by amorphous 

TiO2, the Raman to X-ray intensity ratio is twice as high than in fully crystallized films in which 

the crystallites are separated from one another by grain boundaries. 

Nb-doped thin films consist of micro domains that contain nanocrystallites with equal 

orientation. The electrical conductivity of the films increases strongly with the micrograin size. 
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Zusammenfassung 

Wir haben eine Methode entwickelt, mit der man Raman-Spektren von Mischphasen-

TiO2-Dünnschichten auf Silizium-, Quarzglas- und Kronglas-Substraten unter Verwendung 

verstellbarer Modellspektren in ihre Komponenten (aus Dünnschicht und Substrat) zerlegen 

kann. Dabei haben wir die Modellspektren erfolgreich an gemessene Spektren angepasst. 

Wir zerlegen das TiO2-Dünnschichtspektrum in Komponenten für die amorphe Phase und 

die kristallinen Phasen (Anatas, Rutil und Brookit). Das Spektrum der kristallinen Phasen 

unterteilen wir in Ramanspektren 1. Ordnung und einen Phasenhintergrund (einschließlich 

Ramanstreuung 2. Ordnung). Das Substratspektrum wird in Lumineszenz- und Raman-

Spektren aufgeteilt, falls das Substrat lumineszierend ist. 

Dieser Ansatz ist ganzheitlich, daher wird jeder Beitrag zu den Raman-Spektren durch 

die Modelle angepasst, und es gibt keinen beliebigen Hintergrund, der vom Spektrum 

abgezogen werden muss. Alle Spektren werden gleichzeitig an die gemessenen Spektren 

angepasst, während die Anpassungsparameter jedes Spektrums auf angemessene Weise 

beschränkt sind. Während beispielsweise für reine Anatas-Schichten die Parameter für jeden 

Raman-Peak erster Ordnung einzeln angepasst werden, wird der Phasenhintergrund von in 

Spuren vorkommendem Brookit nur durch einen Anpassungsparameter (Intensität) manipuliert. 

Wir haben die Spektren in Form von 30 µm × 30 µm Raman-Karten mit 121×121 

Messpunkten auf undotierten oder Nb-dotierten TiO2-Schichten aufgenommen, welche durch 

reaktive Elektronenstrahlverdampfung, HF-Magnetron-Sputtern bzw. HF-Dioden-Sputtern 

hergestellt wurden. Wir haben die einzelnen resultierenden Raman-Spektren quantitativ und 

qualitativ ausgewertet. 

Die Beiträge der TiO2-Phasen zu den gemessenen Raman-Spektren wurden mit denen 

von Röntgendiffraktogrammen (XRD) verglichen. In stark kristallisierten Proben schätzen wir 

das Intensitätsverhältnis Raman/XRD der TiO2-Phasen als Brookit : Anatas : amorph : Rutil = 

10 : 5 : 3 : 1. Das bedeutet z.B., dass das Verhältnis der Anatas-Raman-Intensität zur Anatas-

Röntgenintensität im Vergleich zu Rutil fünfmal höher ist. 

Bei einer Schicht, der kristalline Anatas-Inseln enthält, die von amorphem TiO2 umgeben 

sind, ist das Intensitätsverhältnis von Raman zu XRD doppelt so hoch wie bei vollständig 

kristallisierten Proben, bei denen die Kristallite durch Korngrenzen voneinander getrennt sind. 

Die untersuchten Nb-dotierten Schichten bestehen aus homogenen Mikro-Domänen, 

welche Nanokristallite mit gleichen Orientierungen enthalten. Die elektrische Leitfähigkeit 

korreliert stark mit der Größe der Mikro-Domäne. 
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Introduction 

Since Fujishima and Honda discovered that TiO2 (anatase) can be used as a photoanode 

in a photoelectrochemical cell to split water into H2 and O2,
3 TiO2 materials have become the 

most studied photocatalytic semiconductor, because they are highly efficient, chemically and 

biologically stable, and (low- or) non-toxic at low cost.4 For these applications, the materials 

are often synthesized as thin film or other nanomaterial. 

The main polymorphs of TiO2 that occur in nature are anatase, rutile, and, rarely, brookite. 

Anatase and rutile have been extensively studied.5 Brookite has a more complex structure,6 and 

it is considered difficult to synthesize.5,7–10 That is why it was studied experimentally only 

seldom until 2012. It is an efficient photocatalyst and interest has grown to produce, study, and 

utilize brookite in recent years after several attempts to produce brookite were successful.4,11–16   

As compared to single-phase TiO2, mixed-phase TiO2 (consisting of two or more TiO2 

phases) is more flexible for various photocatalytic applications.5,17,18 Therefore, interest is 

growing in mixed-phase TiO2. 

This makes it necessary to quantify the phase composition and to study each phase 

independently. X-ray diffraction (XRD) and Raman have high potential for such analysis 

because they are non-invasive. For multi-phase materials, the contributions of the individual 

phases to the spectra or diffractograms have to be separated from each other. Furthermore, the 

substrate spectrum is often more intense than the thin film spectrum. 

XRD is commonly used for phase quantification, but it has to meet shortcomings such as 

a decreasing sensitivity to small nanocrystallites. Raman spectroscopy is still often considered 

a non-quantitative method, although Raman instrumentation has improved in the last decades 

and its usage for quantification of materials is increasing.19  

Shortcomings of quantification by Raman spectroscopy are for example that 

luminescence can occur and might superimpose the measured spectra and that structural 

properties can change the intensity of certain Raman peaks. Furthermore, the peak intensity 

ratios of a certain material depend on the alignment of the crystals. Yet, the effect of alignment 

is not crucial in nanostructured material because the orientation of the crystallites has a certain 

distribution. 

In Raman spectra, crystalline phases contain a background additionally to the commonly 

analyzed first-order Raman spectra. Especially, nanostructured thin film Raman spectra contain 

high intensities from sources other than the first-order Raman spectra. The background consists 

for example of second-order scattering and disorder-induced scattering. 
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The main focus of this work is on the decomposition as well as quantitative and qualitative 

interpretation of TiO2 thin film Raman spectra. For our studies, we (the author, Dipl.-Phys.Ing. 

Martin Jerman, Dr. rer. nat. Sanat Kumar Mukherjee, M.Sc. Jingy Shi, and M.Sc. Shixun Cui) 

have produced different sets of TiO2 films. The coating methods are rf-diode sputtering, 

reactive e-beam evaporation, and rf-magnetron sputtering with controlled oxidation of the Ti 

target. 

The rf-diode sputtered films were produced at varying deposition temperatures. The e-

beam films contain varying amount of Nb (mostly 0 at.%, 8 at.%, and 16 at.%) and were post-

heated at varying temperatures. The rf-magnetron sputtered films were deposited with four 

different oxidation states of the Ti target and were placed at three different positions inside a 

sputter coater in which a Nb wire was put onto the sputter grave. 

We describe the film preparation and the parameters of the most important analytics in 

chapter 2. We provide the corresponding fundamentals in chapter 1. 

In literature, analysis of thin film Raman spectra is often limited to the evaluation of only 

the strongest Raman peak(s), because of the strong background arising from the substrate.20,21 

For this reason, quantitative evaluation of thin film Raman spectra is barely undertaken. The 

same accounts if luminescence occurs in the spectra. Several approaches are applied to reduce 

such noise, for example shifted excitation Raman difference spectroscopy, or computational 

background removal.22–24 Cordero et al. give an overview of these approaches.25  

Backgrounds are often subtracted from spectra arbitrarily by a straight line or a 

polynomial function by common Raman evaluation software.26 Yet, this procedure fails for thin 

films, where the background signals are in the same order of magnitude than the Raman spectra 

of the films. 

In this work, we developed an approach to separate the thin film and the substrate spectra 

that contribute to measured Raman spectra of TiO2 thin films. We built adjustable model spectra 

which we use to decompose a measured spectrum into its components. For that it is necessary 

that the models cover all sources that contribute to a measured spectrum. 

We built models to simulate the Raman spectra of the TiO2 phases, anatase, brookite, 

rutile, and amorphous TiO2, and the Raman spectra of three different substrates (silicon wafers, 

fused silica, and B270 crown glass). 

We attempt to demonstrate that a separation of the substrate spectra and thin film spectra 

can be achieved to a reasonable degree if all spectra are modeled simultaneously and if adequate 

simplifications are made. We thereby adapt the flexibility of the models have to the complexity 
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of the spectra to be fitted. The models are described and discussed in chapter 3. We prepared 

each model for a 633 nm as well as for a 532 nm laser, additionally. 

Several issues have to be met to cover all signals form the substrate or the thin film that 

contribute to the measured signal. Each of the crystalline Raman spectra contains an individual 

phase background. This is considered only seldom in literature.27–30 We meet this problem by 

simulating two spectra for each crystalline phase – one for the first-order Raman scattering 

signal and one for the phase background. 

In literature, it is stated that one cannot decompose TiO2 Raman spectra into amorphous 

and crystalline content.27–30 Yet the measurement range in those studies was limited. Therefore, 

we use a wider measurement range in order to distinguish between crystalline and amorphous 

spectra (chapter 3.1.4). 

The spectra of both kinds of substrates (crystalline and glassy) have individual problems 

when they have to be separated from a thin film spectrum (chapter 3.1.5). In the measured 

spectra of the crystalline Si wafer, there is an intense peak at 520.7 cm-1, which is orders of 

magnitudes more intense than the TiO2 thin film spectrum. Additionally, there are further strong 

and sharp characteristics of the Si spectrum that overlap with the thin film spectra and lead to 

artefacts when fitted (see chapter 4.1.3). We built models that distinguish well between the 

contributions of Si wafers and the TiO2 thin films to measured Raman spectra, but three areas 

are being excluded from the fit. 

The two glassy substrate materials are luminescent. Thus, the substrate is simulated by 

two spectra – one for the material’s Raman footprint and one for the luminescence background. 

The models for both kinds of substrates contain instrument background or further experimental 

background. 

In chapter 4, we demonstrate decomposed Raman spectra and X-ray diffractograms of 

(undoped or Nb-doped) TiO2 thin films that we coated onto Si wafers, fused silica, or B270 

glass by rf-diode sputtering, reactive e-beam evaporation, and rf-magnetron sputtering. 

We have published the preprocessing of the spectra (chapter 2.2.1.1), the concepts of the 

models used for the decomposition of the Raman spectra (chapter 3.1), and a selection of the 

decomposed spectra (chapter 4.1.3) in the Journal of Raman spectroscopy [Volume 49, Issue 7, 

1217-1229 (2018)],1 where a figure that represents our work was used as the back cover of the 

issue.2 

The decomposition of the Raman spectra into their components provide the possibility to 

further evaluate the resulting spectra, which we do quantitatively in chapter 5 and qualitatively 

in chapter 6. 
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In the quantitative part of this this work, we evaluate the contributions of the various TiO2 

phases to the measured Raman spectra. We do not estimate the atomic or weight percentage of 

the phases in the samples. A correlation between Raman intensity and actual atomic percentage 

should be carried out in future work. At first, we take Raman spectra of a set of rf-diode 

sputtered multi-phase TiO2 films with a 633 nm and with a 532 nm laser, and we quantify and 

compare the intensities of the TiO2 phases that we find in those spectra (chapter 5.2.2). 

Afterwards, we quantify the (relative and total) contributions of the TiO2 phases to the Raman 

spectra and their contributions to the corresponding X-ray diffractograms. This is done for 

samples coated at varying deposition temperatures (chapter 5.2) and also for samples coated 

onto three different substrates (5.3). We then repeat the procedure with undoped and Nb-doped 

TiO2 thin films prepared by reactive e-beam evaporation (5.4). We interpret the resulting 

Raman/XRD intensity ratios of the different TiO2 phases as a conservative estimate of the 

corresponding Raman and X-ray scattering cross sections (chapter 5.5). 

In the qualitative part of this work (chapter 6), we evaluate the Raman spectra with further 

analysis such as X-ray diffractograms, scanning electron microscopy, UV-VIS-NIR 

transmittance and reflectance measurements, four-point-probe measurements, Rutherford 

backscattering. 

We use the Raman spectra of the diode sputtered films together with X-ray diffractograms 

in order to estimate the defect density in the films with the q-vector relaxation model and 

compare our interpretation of the model to literature. We suggest to extend the model by adding 

a parameter for the average number of defects inside a crystal (chapter 6.1.1). 

The production of Nb-doped anatase TiO2 thin films by reactive e-beam evaporation is a 

new approach developed by Dipl.-Phys.Ing. Martin Jerman and Prof. Dr. Dieter Mergel. We 

characterize the electrical, structural, and optical properties of these films together with 

undoped films that we prepared likewise (evaporated by Dipl.-Phys.Ing. Martin Jerman, post-

heated by the author). As part of the characterization, we use the decomposed Raman spectra, 

and X-ray diffractograms to interpret the conductivities of the films (chapter 6.1.2). 

In chapter 6.1.3, we analyze electrical and structural properties of rf-magnetron sputtered 

Nb-doped TiO2 films.  

Furthermore, we discuss the anatase phase backgrounds that we found in the Raman 

spectra of the e-beam evaporated films (chapter 6.2). Also, we simulate the Raman spectrum of 

amorphous TiO2 by broad Raman features that resemble those of the crystalline TiO2 phases 

(chapter 6.3). 
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We obtained all spectra by measuring Raman maps and taking the average spectrum of 

each map. The maps have a size of 30 µm × 30 µm with 121×121 measurement points. We 

present and interpret these maps in chapter 7. They provide information on film growth, 

topography, and Raman domain size. 

In parts, the quantitative, qualitative, and mapping evaluation provide complementary 

information, which are summed up in chapter 8. The main chapters begin with short overviews 

that tell the reader what is done in the sub-chapters, and they provide information on how the 

chapters relate to the other chapters of the work. There will be individual conclusions at the end 

of each chapter. 
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List of abbreviations 

e-beam: electron-beam 

%-ox.t. assumed oxidation of a sputter target surface 

Å Ångström. 1 Å = 100 pm = 0.1 nm. 

at.% 
atomic percent; 8 at.% or 16 at%. of Nb refers to Nb/(Ti+Nb), thus, relative to 

Ti. This is common praxis in literature.31–33 

blueshift 

In Raman spectroscopy, blueshift is an increase of the wavenumber of a Raman 

peak. In this work it does not refer to relativistic Doppler, cosmological, or 

gravitational effects. 

CVD chemical vapor deposition 

dc direct current 

e-beam electron beam 

EDX energy dispersive X-ray spectroscopy 

kcps kilo counts per second (one thousand collected phonons per second) 

Nb0: undoped e-beam evaporated TiO2 film 

Nb1: 
Nb-doped e-beam evaporated titanium-oxide film with a stoichiometry of 

Ti0.92O2.25Nb0.08 

Nb2: 
Nb-doped e-beam evaporated titanium-oxide film with a stoichiometry of 

Ti0.84O2.25Nb0.16 

PEM 
Plasma emission monitoring: sputter coating with controlled oxidation state of 

the target by monitoring the intensity of a certain plasma line. 

PVD physical vapor deposition 

RBS Rutherford backscattering spectrometry 

redshift 

In Raman spectroscopy, redshift is a decrease of the wavenumber of a Raman 

peak. In this work it does not refer to relativistic Doppler, cosmological, or 

gravitational effects. 

rf radio frequency 

RT room temperature 

SEM scanning electron microscope 

TCO transparent conductive oxide 

UV-VIS-NIR ultraviolet, visual, and near-infrared range of electromagnetic radiation 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction / X-ray diffractometry 
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1 Fundamentals 

1.1 Thin film vapor deposition  

Vapor deposition is a technique to deposit films of materials which are in the gas phase 

(or plasma) during the deposition. There are several methods to deposit thin films using vapor 

deposition. These methods have in common that coating takes place in a vacuum chamber, 

which is equipped with vacuum pumps, an evaporation source, and substrates to be coated. 

A vacuum is characterized by the mean free path λ, which is the mean distance the residual 

gas particles fly before they collide with another gas particle. For Ar, O2, N and air, the mean 

free path λ is commonly estimated by34: 

 𝜆 =
6.3∙10−3𝑚

𝑝 [𝑃𝑎]
=
6.3∙10−3𝑐𝑚

𝑝 [𝑚𝑏𝑎𝑟]
, (1) 

where p is the pressure. The non-SI unit mbar (1 mbar = 100 Pa) is commonly used in 

vacuum science and vapor deposition techniques because typical distances of source material 

and substrates to be coated are in ranges of a few cm. 

Vapor deposition techniques are categorized into physical vapor deposition (PVD) and 

chemical vapor deposition (CVD). PVD is based on purely physical processes, in which a 

material vapor condenses on the substrate surface. In general, in PVD processes a material goes 

from solid form to a vapor phase and then condenses back to a solid thin film. The most common 

PVD techniques are evaporation and sputter deposition. 

Most evaporation techniques can be operated in low as well as ultrahigh vacuum. 

Common evaporation methods are thermal evaporation, electron-beam (e-beam) physical vapor 

deposition (often called e-beam evaporation), arc deposition (cathodic or anodic arc 

evaporation), and pulsed laser ablation. In plasma deposition, the charged particles can be 

accelerated by bias voltages. 

CVD is characterized by a gas phase reaction (usually at the substrate surface or close to 

it). CVD processes are classified by the deposition pressure (atmospheric pressure, low-

pressure, ultrahigh vacuum), physical characteristics of the vapor (for example liquid injection 

or aerosol-assisted), and the reactor design (cold wall or hot wall). If the technique uses a 

plasma, also the plasma methods are classified (for example plasma-enhanced CVD, 

microwave plasma-enhanced CVD). 
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CVD cannot always be separated from PVD. PVD processes can become CVD processes 

for example when reactive gases are let into the deposition chamber. Examples are reactive 

sputtering and reactive e-beam evaporation. 

1.1.1 Evaporation 

There are several ways of converting a material to the gas phase by evaporation, 

depending on the area of application. The simplest type is thermal evaporation (also: vapor 

deposition). In this process the evaporation source is mostly placed inside a resistance-heated 

crucible. Electrically conductive materials can also be heated directly, for example by eddy 

currents (induction evaporator). The coating material can also be heated by a laser, which allows 

targeted dosing, for example for the precise production of multilayered film. However, the latter 

process is associated with high costs and a low coating rate.  

The evaporation method used in this work is e-beam evaporation. Here, an electron gun 

bombards the coating material with electrons. This process has a high energy density and offers 

the possibility to vaporize almost all solids with high purity from water-cooled crucibles and 

also to achieve high deposition rates. Around 15% – 40% of the e-beam power is dissipated by 

electron backscattering. Evaporation rate can be controlled by altering the power or the energy 

density of the electron beam (using electro-optical beam control) in a wide range of 10-2 nm/s 

to 10³ nm/s. At room temperature the thermal energy of gas particles is 1/40 eV. The energy of 

vapor particles is around ten times as much (1/4 eV). 

TiO2 thin films are produced by reactive e-beam evaporation, for which oxygen gas is 

added to the coating chamber. The target material can be Ti, TiO, Ti2O3, or TiO2 – each resulting 

in different thin film properties, for example a variation of the refractive index.34 
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Fig. 1: Schematic diagram of an electron beam chamber (adapted from Mazzi35 and Filipov36) with a mass 

flow controller (MFC), quartz crystal monitor (QCM), a turbo-molecular pump (TMP), and a rotary vane 

pump (RVP). 

Fig. 1 shows a schematic diagram of a reactive electron beam evaporation chamber. 

Vacuum is created using a rotary vane pump (RVP) and a turbomolecular pump (TMP). Oxygen 

gas is let into the chamber using a mass flow controller (MFC). The substrates to be coated are 

mounted onto a heated substrate holder. The source material (target) to be evaporated is placed 

inside a water-cooled crucible. A hot cathode emits electrons, which are accelerated by an 

electric field (not shown). The electron beam is then deflected by a magnetic field B, which 

guides the electron beam onto the evaporation material. The electron beam heats the material 

until it becomes so hot that it evaporates (or sublimes). 

Deposition rate and film thickness are monitored using a quartz crystal monitor (QCM). 

The principles of QCM are described by Sauerbrey37, and the operation is described by 

Kanazawa38 as well as Janshoff and Steinem39. 

1.1.2 Sputtering 

In the sputtering process, a working gas is led into an evacuated vacuum chamber and a 

glow discharge is ignited and the plasma ions are accelerated against a target. Usually, noble 

gases (mostly argon) are used as working gas because they are inert.40 Sputtering is the removal 

of surface-near target atoms through high-energy particle beams through collision cascades. 
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When high energy particles bombard the surface of a solid, the ion can penetrate into the 

volume of the material and trigger collision cascades that extend further into the material. 

Various phenomena result in energy loss of the ions such as atom ejection, ionization, 

production of phonons, or the collision cascades that follow the first impact.41 Fig. 2 

schematically shows the most important collision events that occur when matter is bombarded 

with ions. 

 

Fig. 2: Schematic representation of the atomistic processes that occur when energetic particles collide with 

a solid surface. This example shows a collision cascade in hydrocarbon. The incident particles are black, C 

atoms are white, and H atoms are small black circles.42 

The incoming ion (black), which is shown in the middle at the top of Fig. 2, hits several 

target atoms (white), which in turn collide with other atoms and result in a collision cascade. 

The collisions can be elastic or inelastic, such as ejection of an electron. The electron can leave 

the target or ionize further atoms. If a target atom escapes from the target through the cascade, 

this process is called sputtering. The originally arriving ion can be implanted (bottom of the 

figure) or back-scattered (as shown at the top right end of the figure). 

The sputtering yield Y is the number of sputtered atoms per incident ion. In the range of 

a few 100 eV, it is estimated by43: 

 𝑌 = 𝑐𝑜𝑛𝑠𝑡.∙ (𝐸𝑖𝑜𝑛 − 𝐸𝑚𝑖𝑛) = 𝑐𝑜𝑛𝑠𝑡.∙ 𝑒 ∙ (𝑈𝑃 − 𝑈𝐵 − 𝑈𝑚𝑖𝑛), (2) 

where Eion is the energy of the incident ion, and Emin is the threshold energy that is 

necessary that sputtering of a target atom occurs. For the sputtering of Ti with Ar Emin is 20 eV.34 

UP is the plasma potential, UB is the discharge voltage, Umin is the potential that corresponds to 

the threshold energy, and e is the elementary charge of the electron. The sputtering yield per 
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Ar+ ion is 0.2 Ti atoms for Ar ion energies of 200 eV, and 0.6 Ti atoms for Ar ion energies of 

600 eV. Typical energies of sputtered particles are 10 eV – 40 eV.34 

For the production of TiO2 films, oxygen gas is added to the deposition chamber (in 

addition to Ar), which causes two O atoms and one Ti atom to combine to TiO2. Such a coating 

processes is called reactive sputtering. Reactions between oxygen atoms and titanium atoms 

take place at the target surface as well as at the substrate surface (and also to a non-negligible 

degree in the gas phase if the mean free path is smaller than the target-substrate distance). 

In this work, mainly two reactive sputtering deposition techniques were used: rf-diode 

sputtering and rf-magnetron sputtering. In early experiments, also dc-magnetron sputtering was 

used. In the following, we describe diode and magnetron sputtering. 

1.1.2.1 Diode sputtering 

A negative potential is applied to the target (which is the material to be sputtered). The 

positive ions in the plasma are accelerated by the resulting electric field. Fig. 3 shows a 

schematic diagram of a direct current (dc) diode sputter coating process. 

 

Fig. 3: Schematic diagram of a dc-diode sputter coating process. Atoms are marked as white circles, 

positive ions as circles with a plus sign, and electrons as e-; adapted from Frey and Kienel.34 

The area in front of the cathode is the cathode dark space, also known as the Aston dark 

space, in which the ion density is very low. A grounded shield is attached around the cathode 

in a distance smaller than the thickness of the dark cathode space, so that the plasma is formed 

only between the target and the substrate. 

The following transport processes are most important: (a) In the cathode dark space, 

accelerated electrons collide with argon atoms and ionize the argon atoms. (b) The argon ions 

are accelerated towards the cathode and can emit electrons. (c) If these electrons hit the 

substrate, further ionization can take place there. (d) Argon ions remove atoms from the target 

surface through collision cascades, which is the actual "sputtering". (e) Charge reversal 

processes occur between Ar+ ions and Ar atoms.40 
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1.1.2.2 Magnetron sputtering 

In magnetron sputtering, the electric field is superimposed with a magnetic field. 

Therefore, permanent magnets (a few hundredths T) are placed behind the water cooled 

cathode. Fig. 4 compares diode sputtering (left-side), with magnetron sputtering (right-side). 

 

Fig. 4: Schematic diagram of dc-diode sputtering (left) and magnetron sputtering (right). The letters 

symbolize: (a) recipient wall, (b) substrates, (c) secondary electrons, (d) ions, (e) metal atoms, (f) target, (g) 

cathode, (h) magnetic field lines, (i) substrate holder, (j) anode, and (k) plasma. Adapted from Frey.34 

The magnetic field penetrates the target, and the combination of an electric and magnetic 

field causes the electrons in the plasma to no longer move along the electric field lines but in 

cycloid orbits in the plasma. The E × B drift velocity of the electrons and ions is equal, because 

it depends on only the electric and magnetic field strength, the particle’s charge, independently 

of their thermal energies. Because of their smaller mass, the gyration radii of the electrons are 

smaller than those of the ions, and the electrons are concentrated close to the target. This results 

in a higher number of collisions of electrons with the working gas atoms, and thus in a higher 

degree of ionization in the plasma. Therefore, a lower discharge voltage or pressure is necessary 

for the same charge density in the plasma.34 

1.1.3 Radio-frequency sputtering 

In radio-frequency (rf) sputter processes, an rf-generator (2 MHz, 13.56 MHz, or 

27.2 MHz) is connected between the target and the substrate electrode and a capacitor is 

attached between the generator and the target. The rf-oscillation of the electrons increases their 

path in the plasma and thus the ion density and ion current increase. Therefore, sputtering can 

take place at a lower pressure than in the case of dc-sputtering (1 Pa vs. 10 Pa for diode 

sputtering). 

Because of the low mass, electrons have a higher mobility in the plasma as compared to 

ions. Thus, more electrons than ions hit the target surface, the target becomes negatively 

charged and the potential of the plasma close to the target is negative as compared to the 

substrate anode. Thus over time, the plasma potential of the rf-arrangement behaves like a dc-

arrangement. 
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An advantage of the rf-arrangement compared to the dc-arrangement is that insulator and 

semiconductor materials can also be used as targets. Also, at lower gas pressure the mean free 

path λ is larger (see equation (1)): for diode sputtering, the mean free path is around λ = 6 mm 

at 1 Pa, and around λ = 0,6 mm at 10 Pa. This results in less thermalization of the sputtered 

particles at lower pressure during deposition.34  
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1.2 Thin film growth 

The growth of a layer from a flow of free atoms or particles is determined by various 

factors such as the substrate and particles properties, the kinetic energy of the particles, the 

collision rate, the angle of incidence, and the chemical properties of the involved materials. 

Particle flows in a vacuum carry mass as well as energy and impulse current densities. 

The energy of the particle consists of kinetic energy as well as potential energy (depending on 

the particle’s temperature and on ignited states). 

Fig. 5 shows the process probabilities schematically that take place during the collision 

between an impact particle and the substrate surface depending on the order of magnitude of 

the kinetic energy of the particle. The probabilities are estimated on the basis of energetic data, 

such as adsorption, chemical binding energy, or lattice energy. 

 

Fig. 5: Process probability vs. kinetic particle energy of impact atoms resulting from collisions with a solid 

surface. Adapted from Dzur.44 

(1) At low particle energies (around 0.1 eV), particles condense at the substrate’s surface. 

When no chemical reaction takes place (at prepared surfaces or in reactive atmosphere), the 

adhesion is very low. (2) Particle energies of 1 eV – 10 eV are in the order of magnitude of 

chemical bonds. Chemical bonds are broken, and the particles can be chemically bound to 

surface atoms.  (3) At kinetic particle energies of 10 eV – 500 eV strong densification takes 

place at the surface, which can lead to phase changes. (4) Sputtering takes place most probably 

at kinetic energies of 500 eV – 10 000 eV. (5) At 10 000 eV implantation of the impact particle 

becomes the most probable process. These values are coarse and depend on the material’s 

properties. 

The deposition parameters influence the structure of the growing films during vapor 

deposition. These are for example substrate temperature, gas pressure, gas mixture, substrate 
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bias voltage, deposition rate (particle energy). These parameters influence the energy impact 

on the growing film and, thus, on the desorption, the reactivity at the film surface, and the 

adatom surface mobility. Movchan and Demchishin observed the influence of the substrate 

temperature on the micro-structure of the growing films and categorized the structures into three 

zones (see Fig. 6 (a)). 

In this model, the different zones depend on the ratio of substrate temperature Ts to the 

melting point of the thin film material Tm. In zone I, at temperatures below Ts/Tm = 0.3 the films 

grow with low surface mobility and have a porous columnar structure with fibers of 1 nm – 

10 nm width depending on the nucleation density. In zone II, at higher temperatures 

(0.3 < Ts/Tm < 0.5), the growth is still columnar, but with higher adatom surface mobility, 

resulting in broader columns with a higher density. In zone III, at high temperatures 

(Ts/Tm > 0.5) allow bulk diffusion resulting in dense recrystallized grain structures with smooth 

surfaces.34,45 

 

Fig. 6: (a) Structure zone model by Movchan and Demchishin45 (b) Modified structure zone model by 

Thornton46, (c) cross-section of the structure zones. Adapted from Zeeshan.47 

Thornton added a transition zone (or T-zone) for sputter-coated films into the model 

between zones I and II. The zone depends on the gas pressure during sputter deposition. A high 

pressure, the sputtered particles undergo an increasing number of collisions with the working 

gas and lose kinetic energy (thermalization). The self-surface diffusion is high, yet the grain 

boundary diffusion is limited. The structure of the zone is inhomogeneous along the film 

thickness with fine crystallites at the substrate surface and columnar structure at the upper part 

of the film.46  
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1.3 TiO2 

Titanium dioxide (TiO2) or titania, is the naturally occurring polymorph oxide of titanium. 

At standard pressure it occurs in nature mainly as the tetragonal phases, rutile and anatase, and 

rarely as the orthorhombic brookite. Rutile is stable, while anatase and brookite are metastable 

and convert to rutile at temperatures of 700 °C – 1000 °C.48 

Additionally, two dense high-pressure TiO2 polymorphs are found in nature: a monoclinic 

baddeleyite-like form known as akaogiite, and a scrutinyite-type structure known as TiO2-II. 

Both can be found at the Nördlinger Ries meteorite impact crater in Germany.49 Several 

synthetically produced metastable phases also exist. 

The vast majority of TiO2 is used as pigments, for example in paints, paper, plastics, 

cosmetics or sunscreen. Further uses are thin-film applications, such as solar cells or optical 

coatings for dielectric mirrors, self-sterilizing coatings in biomedicine, electrolysis, air 

purification, or water treatment.5 In 1972, Fujishima and Honda observed photocatalytic 

splitting of water on TiO2 electrodes. UV light that has energy higher than the material’s band 

gap (see Table 1) activates the photocatalysis of TiO2. By now, TiO2 has become the most 

studied photocatalyst. The three naturally occurring polymorphs, rutile, anatase, and brookite, 

have high photocatalytic activity.4,18,50,51 Mixed-phase TiO2 composites are more effective 

photocatalysts.4 Table 1 shows a selection of structural properties of the three TiO2 allomorphs 

and amorphous TiO2. 

Table 1: Structural properties of TiO2 allomorphs 

Fig. 7 shows balls and sticks schemes of the unit cells of anatase (left), brookite (mid), 

and rutile (right). Large light spheres represent Ti atoms and small red spheres represent O 

atoms. We have sized the schemes so that the lengths of the vertically displayed lattice 

parameters (anatase-c, brookite-a, rutile-b) are in the same scale. 

TiO2 phase anatase brookite rutile amorphous 

Crystalline structure51 tetragonal rhombohedral tetragonal – 

Lattice constants51 [Å] 

(1 Å = 100 pm) 

a = b = 3.73 

c = 9.37 

a = 5.44 

b = 9.17 

c = 5.14 

a = b = 4.58 

c = 2.95 
– 

Unit cell volume [Å³] 130.4 256.4 61.9 – 

Mass density51,52 [g/cm³] 3.83 4.17 4.24 2.4 – 3.3 

Band gap4,51 [eV] 3.2 3.1 – 3.4 3.0 3.2 – 3.4 

Refractive index51,53 [ng] 2.56 2.81 2.95 2.0 – 2.3 
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Fig. 7: Unit cell balls and sticks schemes of anatase (left), brookite (mid), rutile (right). Large light spheres 

represent Ti atoms and small red spheres represent O atoms. Adapted from Moellmann et al.54 

1.3.1 TiO2 anatase 

Undoped and undistorted anatase is an insulator with a resistivity of 1013 Ωcm.55 Yet, 

anatase becomes a semi-conductor when it is doped with other elements, such as Nb32,56,57, Ta58, 

Fe59, La60. In 2005, Furubayashi et al. discovered that Nb-doped TiO2 anatase is a transparent 

conductive oxide (TCO). The discovered material has a carrier density of 1∙1019 cm-3 to 

2∙1021 cm-3 and transmittance of 85% – 97 % in the visible range, depending on the Nb content. 

The transport and optical properties of the low-cost material are comparable to those of 

conventional TCOs such as Sn-doped In2O3 (ITO) or ZnO, of which ITO is the most widely 

used.18,56 

1.3.2 TiO2 rutile 

Rutile is the most common crystal structure of TiO2. It is stable to a temperature of 

1800 K. Due to its high refractive index and effective ultraviolet absorption, it is widely used 

for pigments, sunscreens and optical coatings. In the last decades, it gained scientific interest in 

the application as photocatalyst and solar cells.61 

1.3.3 TiO2 brookite 

Scientific and technological interest in brookite has been growing in the last years since 

around the year 2000, because by then it had been considered difficult to synthesize. Thus it is 

the least studied TiO2 photocatalyst. Brookite photocatalysts have been tested for hydrogen 

formation, Li ion batteries, environmental remediation, and organic syntheses.4 

The orthorhombic crystalline structure of brookite has a unit cell described by the space 

group Pbca. The structure consists of octahedra, each with a titanium atom at its center. All 

bond lengths between the titanium and oxygen atoms differ from each other.4  
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1.4 Raman scattering 

In the following chapters, we will introduce Raman spectroscopy (1.4.1), provide the 

fundamentals of Raman scattering (1.4.2), present the characteristics of the Raman spectra of 

the crystalline TiO2 phases (1.4.3), of amorphous materials (1.4.4) and of the substrate materials 

that are coated in this work, Si wafers and silica glasses (1.4.5). 

1.4.1 Raman spectroscopy 

Raman spectroscopy measures the intensity and wavelength of inelastically scattered 

light. For this purpose, a sample is irradiated with monochromatic light (usually laser) and the 

retroreflection is detected. 

Raman spectroscopy provides information about vibrational and rotational states of 

molecules and is based on the Raman effect. The obtained parameters are wavenumber shift, 

the state of polarization, and the Raman line intensities.62 The shift is expressed in cm-1 and is 

the difference of the wavenumbers of the incident exciting light and the Raman lines. The actual 

frequencies of the corresponding modes of vibration are obtained by multiplying the shift with 

the velocity of light c. 

The photons transfer energy to the molecule (Stokes lines) or absorb energy (Anti-Stokes 

lines). The energy that is released or absorbed corresponds to the difference between two energy 

levels of molecular vibrations. 

While overtones and combinational vibrations are strong in infrared absorption spectra 

(if the sample is sufficiently thick), they are weak in Raman spectra and referred to as “second-

order scattering” in literaure.62 

Raman lines are often classically explained by the change of polarizability of symmetrical 

valence vibrations. In contrast, infrared active vibrations are characterized by a change of the 

dipole moment of asymmetric valence vibrations. The intensity of Raman lines are explained 

by quantum mechanics. 

1.4.2 Fundamentals of Raman scattering 

In chapter 1.4.2.1, we describe the discovery and the main phenomena of the Raman 

effect. In chapter 1.4.2.2, we present a classic approach of Raman scattering, and in the chapters 

1.4.2.3 to 1.4.2.5, we present a quantum mechanical approach of describing Raman scattering. 

1.4.2.1 Raman effect 

In 1922, C. G. Darwin attempted to reconciliate the quantum theory with the wave theory 

by proposing a quantum theory of dispersion. In his theory, according to laws of probability 



 

26 

 

molecules can emit secondary spherical waves that match with quantum frequencies of the 

molecules. Thereby, electromagnetic classical mechanic eigenfrequencies are replaced by a 

dispersion relation of quantum frequencies.63,64 

Yet for a stationary molecule, the dispersion relation violates the energy equilibrium 

between radiation and matter. In 1923, Adolf Smekal proposed that such an equilibrium should 

be generally impossible for a stationary atom or molecule – in order to restore the inviolability 

of energy equilibrium. From this he concluded that there must exist an unknown kind of 

translational quantum transition.65  

The interaction between light and matter is described by an inelastic collision process. 

The molecule has a mass m and a quantized energy state Em, and the incidence light quantum 

has the energy hυ and the impulse hυ/c. Before the interaction, the molecule has an arbitrarily 

oriented translational speed v against the direction of incidence photon. Then, there is a certain 

probability that the molecule will change to another energy state En, changes its velocity and 

direction to v’, and the scattered photon has the frequency υs. From the conservation of energy 

and momentum follows: 

 
𝑚𝑣²

2
+ 𝐸𝑚 + ℎ𝜐0 =

𝑚𝑣′²

2
+ 𝐸𝑛 + ℎ𝜐𝑠. (3) 

The energy of phonons with a frequency in the visual range (or close to it), is insignificant 

as compared to the kinetic energy of the molecule. Thus in equation (3) the impact of the phonon 

on the kinetic energy of the molecule can be ignored and the equation can be simplified to 

 𝐸𝑚 + ℎ𝜐0 = 𝐸𝑛 + ℎ𝜐𝑠. (4) 

Thus, after the interaction, the scattered photon has another frequency, which is shifted 

by Δυ: 

 Δυ = 𝜐0 − 𝜐𝑠 =
1

ℎ
(𝐸𝑛 − 𝐸𝑚). (5) 

Following from this, vs can be either equal to, or higher or (symmetrically) lower than v0 

(or Δυ is either zero, or > 0, or < 0), depending on if Em is the same, or smaller or larger than 

En. These three kinds of scattering are called Rayleigh radiation (Δυ = 0), Stokes (Δυ < 0), or 

Anti-Stokes (Δυ > 0) scattering. The corresponding frequencies are shown in Fig. 8. 



 

27 

 

 

Fig. 8: Schematic representation of Stokes, Rayleigh, and Anti-Stokes frequencies. 

These are the lines that are measured by Raman spectroscopy. For convenience v0 is 

usually set to zero and the sign of the frequency shift is reversed so that in measured spectra 

Stokes lines have a positive sign, because Stokes lines are more intense. 

More specifically, the Raman effect arises from phonon-photon interaction which can be 

represented in a Jabłoński diagram. A phonon is a collective excitation in periodically arranged 

molecules or atoms in which a lattice of atoms or molecules uniformly oscillates at a single 

frequency. The Jabłoński diagram in Fig. 9 presents schematic representations of Raman and 

Rayleigh scattering in comparison to infrared absorption and fluorescence. 

Fluorescence requires an exited electronic energy level, which can be a result of 

UV/visible absorption. Infrared absorption involves only one transition which directly changes 

the vibrational energy level within an electronic energy level. In contrast, Rayleigh and Raman 

scattering involve a virtual electronic energy level which corresponds to the energy of the 

exciting laser photons.62 

For Raman scattering to occur, there has to exist a virtual energy mode. Such virtual 

modes occur when vibrational modes of a molecule produce changes in the induced electric 

moment of the molecule. This is called polarizability. It occurs for symmetrical molecule 

oscillations, while anti-symmetrical oscillations are infrared active. This is the selection rule 

(which is not strict in real crystals). Thus Raman spectra and infrared absorption spectra are 

complimental.62 

In Raman scattering, the photon is not absorbed but it is scattered. When the photon 

collides with the molecule it excites the molecule to an imaginary state and after about 10-12 s, 

the molecule has changed to a certain quantized vibrational state. The lifetime of the virtual 

state follows from Einstein's theory of absorption and emission of light, which also explains the 

lower propagation speed of light in optically denser media. 

In the case of Rayleigh scattering the final state is in the same vibrational energy than the 

starting state (elastic scattering). In the case of Stokes Raman scattering the final state is in a 
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higher vibrational energy level, and for Anti-Stokes Raman scattering the final state is in a 

lower vibrational energy level than the starting state.66 

 

Fig. 9: Schematic representations of ultraviolet/visible absorption, fluorescence, infrared absorption, 

Rayleigh scattering, Stokes Raman scattering, and Anti-Stokes Raman scattering. Taken from Chimenti.66 

Smekal assumed that under good experimental conditions the deviation from the classic 

wave theory should be easily measurable.65 In 1928, C. V. Raman discovered these transitions 

during experiments on light scattering of liquids using spectral lamps, assisted by his student 

K. S. Krishnan. Independently, G. S. Landsberg and L. J. Mandelstam discovered the same 

effect for solids in the same year. The underlying effect was named after Raman, and in 1930 

he received the Nobel Prize in Physics for the discovery. The invention of the laser by S. P. S. 

Porto and D. L. Wood in 1960, allowed faster and more producicble Raman spectroscopy. 

1.4.2.2 Classic representation of Raman scattering 

In classical mechanics, we examine the polarization that light generates in an oscillating 

molecule. Polarization is caused by a displacement of electrons or ions (or a displacement 

orientation of a permanent dipole moments) from their normal position. An electromagnetic 

wave induces electrical dipole moments when it passes through a medium. For a given electric 

field strength, the induced dipole moment becomes larger the more polarizable a medium is. If 

the electromagnetic field is sufficiently weak, the induced dipole moment p and electric field E 

are proportional: 

 𝑝(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = α ∙ 𝐸(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  , (6) 

with the polarizability of the molecule α. Dipole moment and electric field are vectors, 

and the orientation of the molecule to the electric field influences the polarizability. Thus, the 

polarizability is a second order tensor. The tensor is symmetric with αij = αji. When 



 

29 

 

monochromatic light with a frequency of ω0 = 2π∙υ0 hits a molecule, the electrons of the shell 

follow the periodically vibrating electric field and the dipole moment results in: 

 𝑝(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = α ∙ 𝐸0⃗⃗⃗⃗ ∙ cos(𝑤0𝑡), (7) 

This vibrating dipole emits light with a frequency of ω0. This is the classic description for 

Rayleigh scattering, which occurs when the polarizability is not equal to zero. 

Depending on the state of matter, molecules rotate or vibrate, and both can lead to changes 

in the polarizability. If the distance r between two nuclei changes periodically during a 

molecular oscillation, the polarizability α also changes with the same frequency. If r0 be the 

equilibrium position, a first approximation of Taylor expansion provides for α(r): 

 α(r) ≈ α(r0) +
𝜕𝑎

𝜕𝑟
|
𝑟=𝑟0

∙ (𝑟 − r0). (8) 

If we look at the polarizability at the equilibrium position, then be α0 = α(r0) and α′ =

 
𝜕𝑎

𝜕𝑟
|
𝑟=𝑟0

, and equation (6) simplifies to 

 α(r) = α0 + α′ ∙ (𝑟 − r0) (9) 

for each component of the tensor α. From this follows that the time dependent 

polarizability α(t) of molecular vibrations with the frequency ωs and the amplitude α1 = α’A is 

 α(t) = α0 + α1 ∙ cos(𝜔𝑠𝑡 + 𝜙), (10) 

with the phase position ϕ. From equations (9) and (10)follows 

 (𝑟 − r0) = 𝐴 ∙ cos(𝜔𝑠𝑡 + 𝜙). (11) 

When we combine equations (7) and (10) and ignore the phase, then we get 

 𝑝(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = (α0 + α1 cos(𝜔𝑠𝑡)) ∙ 𝐸0⃗⃗⃗⃗ cos(𝑤0𝑡). (12) 

Using the trigonometric relationship 

 cos(𝛼) ∙ cos(𝛽) =
1

2
cos(𝛼 + 𝛽) +

1

2
cos(𝛼 − 𝛽), (13) 

we get (for each component): 
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 𝑝(𝑡)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = α0𝐸0⃗⃗⃗⃗ cos(𝑤0𝑡)⏟        
𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ

+
1

2
α1𝐸0⃗⃗⃗⃗ cos((𝑤0+𝑤𝑠)𝑡)⏟              

𝐴𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠

+
1

2
α1𝐸0⃗⃗⃗⃗ cos((𝑤0−𝑤𝑠)𝑡)⏟              

𝑆𝑡𝑜𝑘𝑒𝑠

, (14) 

which is the sum of Rayleigh, Anti-Stokes, and Stokes dipole moment. In the equations, 

one can see that Raman scattering occurs only when a1 ≠ 0, thus only when the polarization 

tensor is varied. These equations describe vibrations. The polarization of rotations is equivalent, 

whereas the frequency has to be multiplied with a factor of two, because the direction becomes 

relevant.67,68 

In the classical representation, the vibrations should radiate energy. Thus, the stationary, 

quantum mechanical, virtual energy state is necessary to describe Raman scattering (see chapter 

1.4.2.1). Also, in the classical representation, the Anti-Stokes lines should be as intense as the 

Stokes lines. Yet, in the quantum mechanics representation, the Anti-Stokes lines are transitions 

from a higher vibrational energy level to a lower level. Thus, energy (for example by 

temperature) is needed before Anti-Stokes Raman scattering can occur. Thus, the probability 

of Anti-Stokes scattering is absent at a temperature of 0 K and increases with increasing 

temperature.68 

1.4.2.3 The Raman tensor 

The cross-section of light absorption at a frequency υ for a resonant transition between 

the initial vibrational quantum energy state m and the final state n at T = 0 K can be described 

by the electric dipole operator µ̂ the energy Ej of the excited molecular state j, and the velocity 

of light: 

 𝐼(𝜈) ∝ (
𝜈

𝑐
)∑

|⟨𝑚|µ̂|𝑗⟩|
2
Γ𝑗

(𝐸𝑗−ℎ𝜈)
2
+Γ𝑗

2𝑗 , (15) 

where Γ𝑗 is a damping factor associated with the energy state j.69 The nature and 

information of the scattered light is affected by changes in its polarization state. The intensity 

of light scattering 𝐼(�̃�𝑑
∗
, �̃�𝑖) depends on the polarizability tensor �̃�𝛼𝛽, the polarization vector of 

the incident �̃�𝛽
𝑖  and of the scattered radiation �̃�𝛼

𝑑∗:70 

 𝐼(�̃�𝑑
∗
, �̃�𝑖) = 𝑘 〈|�̃�𝛼

𝑑�̃�𝛼𝛽�̃�𝛽
𝑖 |
2
〉. (16) 

The tilde indicates that the quantities are complex numbers and the asterisk superscript 

indicates complex conjugation. The bra-ket designate an average over all angles of orientation 

of the molecule. The Greek subscripts α and β imply a summation over the Cartesian directions 
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x, y, and z. Thus, equation (17) has nine terms (for each component pair xx, xy, xz, yx, yy, yz, zx, 

zy, zz). The constant k is composed of: 

 𝑘 = (
𝜔2µ0�̃�

(0)

4𝜋𝑅
)
2

, (17) 

with the angular frequency of light ω, the magnetic permeability µ0, the electric field 

strength of the incident laser �̃�(0), and the distance of the position of scattering to the detector 

R. The polarizability tensor �̃�𝛼𝛽 is given by the summation over all electronic states j of the 

molecule divided by the reduced Planck constant ℏ, and consists of resonant and nonresonant 

terms69,70: 

 �̃�𝛼𝛽 =
1

ℏ
∑ (

⟨𝑚|µ̂𝛼|𝑗⟩⟨𝑗|µ̂𝛽|𝑛⟩

𝜔𝑗𝑛−𝜔0+𝑖Γ𝑗⏟          
𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 𝑡𝑒𝑟𝑚

+
⟨𝑚|µ̂𝛽|𝑗⟩⟨𝑗|µ̂𝛼|𝑛⟩

𝜔𝑗𝑚−𝜔0+𝑖Γ𝑗⏟          
𝑛𝑜𝑛𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 𝑡𝑒𝑟𝑚

)𝑗≠𝑚,𝑛 , (18) 

where 𝜔𝑗𝑛 or 𝜔𝑗𝑚 are the differences of the angular frequency of the vibronic state j and 

the states m or n (before or after the scattering process, respectively). The imaginary terms 𝑖Γ𝑗 

of the damping factor are proportional to the width of the state j and is inversely proportional 

to its lifetime. In the following the damping will be ignored. µ̂𝛼 and µ̂𝛽 are electric dipole 

moment operators. The dipole moment operators are the summation over the products of charge 

e and position r in the lth direction (with l = α or β) of all particles k in the molecule: 

 µ̂𝑙 = ∑ 𝑒𝑘 ∙ 𝑟𝑘𝑙𝑘 . (19) 

For Raman scattering, these particles are only electrons, because the nuclei make no 

contribution to the polarizability. 

The operator µ̂𝛽 describes the interaction between the molecule and the incident radiation, 

and µ̂𝛼 describes the interaction between the molecule and the scattered radiation. In a time-

ordered sense, the matrix elements can be red from right to left. Thus, the resonant term 

describes how the molecule interacts with the incidence laser photon and then creates a scattered 

photon. The nonresonant term reverses the order.70 

1.4.2.4 Raman intensity invariants 

Following from equation (16), Raman intensity is proportional to the square of the 

quantity of the polarization tensor. This equation is sufficient for single crystals, but for 

randomly oriented materials such as powder, gases, liquids or polycrystalline films, 
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orientational averaging has to be carried out. There exist invariant values of linear combinations 

of polarizability tensors that are independent of the orientation of the molecule. All Raman 

intensities from spectra of randomly oriented samples can be expressed by only three invariants: 

the isotropic invariant α², the symmetric anisotropy βs(α)², and the antisymmetric anisotropy 

βa(α)². They are given by: 

 𝛼2 =
1

9
𝑅𝑒[(�̃�𝛼𝛼)

𝑠(�̃�𝛽𝛽)
𝑠∗
], (20) 

 𝛽𝑆(𝛼)
2 =

1

2
𝑅𝑒[3(�̃�𝛼𝛽)

𝑠
(�̃�𝛼𝛽)

𝑠∗
− (�̃�𝛼𝛼)

𝑠(�̃�𝛽𝛽)
𝑠∗
], (21) 

 𝛽𝑎(𝛼)
2 =

1

2
𝑅𝑒[3(�̃�𝛼𝛽)

𝑎
(�̃�𝛼𝛽)

𝑎∗
], (22) 

where (�̃�𝛼𝛽)
𝑠
 and (�̃�𝛼𝛽)

𝑎
 are the symmetric and antisymmetric forms of the 

polarizability tensor. They are given by: 

 (�̃�𝛼𝛽)
𝑠
=
1

2
[(�̃�𝛼𝛽) + (�̃�𝛽𝛼)], (23) 

 (�̃�𝛼𝛽)
𝑎
=
1

2
[(�̃�𝛼𝛽) − (�̃�𝛽𝛼)]. (24) 

Again, the Greek subscripts α and β indicate the summation over nine terms (one for each 

pair) of the Cartesian directions x, y, and z. These three invariants provide the basis for a general 

theory of Raman scattering that describes the depolarization ratios in Raman experiments.70 

1.4.2.5 Raman intensity 

Placzek showed that the theory of Raman scattering simplifies if certain conditions are 

satisfied: the ground state of the molecule must be a singlet sigma electronic state ( Σ1 ), the 

Born Oppenheimer approximation (which separates the electronic motion from vibration and 

rotation of the nuclei)71 should be valid, and that the exciting frequency υ0 should be very much 

less than the lowest allowed excited electronic state of the molecule. This is the case for most 

molecules and lasers in conventional Raman spectroscopy (as opposed to resonant Raman 

scattering).72 

This limit is also referred to as the far-from-resonance limit. In this case, the interaction 

between the molecule and the light is approximately the same for the incident and the scattered 

photon. Thus, the Raman tensor becomes symmetric and the antisymmetric anisotropic 

invariant vanishes in equations (22) and (24) . Thus, we have: 

 𝛽(𝛼)2 = 𝛽𝑆(𝛼)
2, (25) 
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 𝛽𝑎(𝛼)
2 = 0. (26) 

Thus, only two Raman invariants remain (equations (20) and (21)). They simplify to: 

 𝛼2 =
1

9
𝑎𝛼𝛼𝑎𝛽𝛽 , (27) 

 𝛽(𝛼)2 =
1

2
(3𝑎𝛼𝛽𝑎𝛽𝛼 − 𝑎𝛼𝛼𝑎𝛽𝛽), (28) 

where aαβ is the far-from-resonance polarizability. For aαβ, the resonant term vanishes in 

equation (18) and we have: 

 𝑎𝛼𝛽 =
2

ℏ
∑ (

𝜔𝑗𝑛

𝜔𝑗𝑛
2 −𝜔0

2 𝑅𝑒[⟨𝑚|µ̂𝛽|𝑗⟩⟨𝑗|µ̂𝛼|𝑛⟩])𝑗≠𝑛 , (29) 

where only the real part (Re) of the matrix element product is needed in the nonresonant 

term. In the far-from-resonance approximation, the two invariants (equations (27) and (28)), 

can be used to express the intensity of Raman scattering for all polarizations and in all scattering 

geometries.70 

Polavarapu introduced ab initio quantum mechanical methods to calculate vibrational 

Raman spectra intensities by starting in the zero-frequency limit of the far-from-resonance 

polarizability, where the final and initial states are equal: 

 𝑎𝛼𝛽 =
2

ℏ
∑ (𝑅𝑒[⟨𝑚|µ̂𝛽|𝑗⟩⟨𝑗|µ̂𝛼|𝑛⟩])𝑗≠𝑛 . (30) 

Raman intensities can be calculated with the electric field perturbation approach, where 

the tensors are varied with the normal coordinates of vibrational motion. Using ab initio 

calculations, good agreement between theory and experiment have been achieved. Frequently 

used approaches are based on the density functional theory (DFT).70 

Van Vleck showed that for a molecule in a vibronic state m that is perturbed by an 

electromagnetic wave and passes into state n while it scatters light of the frequency υ0 + υmn,  

the intensity of Raman scattered light is (after averaging over all orientations): 

 𝐼𝑚𝑛 =
27𝜋5

32𝑐4
𝐼0(𝜈0 + 𝜈𝑚𝑛)

4∑ |(𝑎𝛼𝛽)𝑚𝑛
|
2

𝛼𝛽 , (31) 

where c is the speed of light, υmn = υmn – υn, and υ0 and I0 are the frequency and the 

intensity of the incoming light. 
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1.4.3 Raman spectra of TiO2 

The following chapters provide a brief overview on the general nature of Raman spectra 

of the crystalline TiO2 phases anatase (1.4.3.1), brookite (1.4.3.2), and rutile (1.4.3.3). In this 

work, the crystalline phases are nanostructured. As anatase is the most prominent phase that 

occurs in this work, we give a brief review (1.4.3.4) on Raman spectra of nanostructured anatase 

in literature. 

1.4.3.1 Raman spectrum of anatase TiO2 

The unit cell of anatase contains two TiO2 units with 6 atoms, leading to 18 vibrational 

modes, of which 15 are optical and 3 are acoustic. According to factor group analysis, the 

optical modes at the Γ point (Γopt) can be classified are classified as 

 𝛤𝑜𝑝𝑡 = A1𝑔 + A2𝑢 + 2B1𝑔 + B2𝑢 + 3E𝑔 + 2E𝑢. (32) 

Six of these modes, A1g, 2 B1g, and 3 Eg modes, are Raman active, while A2u and 2Eu 

are IR-active, and the B2u mode is silent.58 The positions of the Raman peaks are around Eg(1) 

(143 cm-1), Eg(2) (197 cm-1), B1g (399 cm-1), A1g (515 cm-1), B1g (519 cm-1), and Eg(3) 

(639 cm-1), and differ by a few cm-1 in literature.73,74 

Typical anatase Raman spectra measured in this work can be found in Fig. 102 in chapter 

6.1.2.4. The 3D vibrational anatase Raman modes are projected to the (200)-plane in Fig. 10 

with large white Ti atoms and small gray O atoms, where the arrows mark the exaggerated 

amplitudes of the eigenvectors based on factor group analysis according to Ohsaka et al.73 

 

Fig. 10: Anatase vibrational Raman modes of anatase TiO2 – 3d vibrations projected to the (200)-plane, 

based on factor group analysis.73 

The doubly degenerate Eg modes are (Ti—O—Ti) symmetric stretching vibrations 

perpendicular to the c-axis. The A1g mode causes (in general O) anti-symmetric bending 

vibrations parallel to the c-axis, and B1g modes cause (O—Ti—O) symmetric bending 

vibrations parallel to the c-axis. Depending on the model used for the calculation the amplitudes 
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may vary. A scheme of Raman active anatase atomic vibrations is given in Fig. 11, where 

arrows mark exaggerated amplitudes of the eigenvectors according to Frank et al.74 

 

Fig. 11: Scheme of Raman active atomic vibrations in anatase. Ti atoms are large black and O atoms are 

small red spheres. The arrows indicate the movements of the atoms. Adopted from Frank et al.74 

1.4.3.2 Raman spectrum of brookite TiO2 

Due to the large unit cell and low symmetry, brookite has a large number of Raman and 

IR active phonons. From symmetry considerations brookite is expected to have 36 Raman 

active phonons (9 A1g, 9 B1g, 9 B2g, and 9 B3g), 24 infrared active phonons (8 B1u, 8 B2u, 

and 8 B3u), 9 silent modes (A1u), and 3 acoustic modes (B1u, B2u, and B2u). Values for all 

36 modes were obtained by DFT calculations. All A1g and most B1g and B2g Raman vibrations 

were experimentally found in literature: A1g (at 125, 152, 194, 246, 324, 412, 492, 545, and 

640 [cm-1]), B1g (at 169, 212, 283, 327, 381, 449, and 622 [cm-1]), B2g (at 160, 254, 325, 366, 

391, 460, and 584 [cm-1]), B3g (at 132, 212, 318, 416, 500, 460, and 584 [cm-1]).75 

Typical literature brookite Raman spectra can be found in Fig. 49 in chapter 3.2.2.4.2. A 

schematic depiction of Raman active brookite A1g atomic vibrations is given in Fig. 12, where 

the arrows mark exaggerated amplitudes of the eigenvectors according to Iliev et al.75 
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Fig. 12: Scheme of Raman active atomic vibrations in brookite. Ti atoms are light gray and O atoms are 

red spheres. The green arrows indicate the movements of the atoms. The experimental and DFT values 

were obtained by Iliev et al.75 

1.4.3.3 Raman spectrum of rutile TiO2 

Rutile has 15 vibrational modes, of which four are infrared active (1 A2u and 3 Eu) and 

four are Raman active modes, which are located around B1g (143 cm-1), Eg (447 cm-1), A1g 

(612 cm-1), and B1g (826 cm-1).76 The values in literature differ depending on the source by a 

few cm-1. Rutile Raman spectra taken at room temperature contain intense two-phonon bands, 

especially around 250 cm-1. 

A typical rutile literature Raman spectrum can be found in Fig. 50 in chapter 3.2.2.4.3. A 

scheme of Raman active atomic vibrations of rutile is given in Fig. 13 where the arrows mark 

exaggerated amplitudes of the eigenvectors according to Frank et al.74 
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Fig. 13: Scheme of Raman active atomic vibrations in rutile. Ti atoms are large black and O atoms are 

small red spheres. The arrows indicate the movements of the atoms. Adopted from Frank et al.74 

1.4.3.4 Raman spectra of nanostructured anatase TiO2 

In order to interpret peak shift and broadening for nanosized structures, one has to 

consider various factors, including grain size effects such as phonon confinement, and phonon 

coupling, average or inhomogeneous strain, stoichiometry defects,77 and intrinsic 

anharmonicity.78 According to Georgescu et al., Sahoo et al., and Spanier et al., only phonon 

confinement, inhomogeneous strain and an asymmetric distribution of crystallite sizes can 

induce asymmetric broadening of Raman peaks.77–79 

Grain size effects are described by phonon confinement models, which explain 

asymmetric peak broadening and peak shifts by phonon dispersion in nanosized particles.80 The 

model expresses the relationship between particle size and phonon position based on the 

Heisenberg uncertainty principle: 

 ∆𝑥∆𝑝 ≥
ℏ2

4𝐿
, (33) 

where Δx is the particle size, Δp the phonon momentum distribution, ℏ the reduced 

Planck's constant, and L the crystallite size. With decreasing crystal size, the phonon can only 

propagate within a crystallite and not indefinitely as in a perfect crystal. Thus, the phonon is 

confined within the crystal, which results in increasing phonon momentum distribution. 

According to the law of conservation of momentum, this broadening of the phonon momentum 

leads to a broadening of the scattered phonon momentum.  

Most studies focus on the resulting peak shift for only the most prominent Raman 

modes.58 In order to distinguish between effects arising from the crystal size and from other 
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factors such as stoichiometry and stress, we recommend to also consider the B1g phonon at 

399 cm-1. For anatase, phonon confinement leads to asymmetric broadening as well as a 

blueshift of the Eg(1) peak at 143 cm-1 and a redshift of the B1g(1) peak at 399 cm-1 with 

decreasing particle size. The peak width of the Eg(1) and Eg(3) modes at 143 cm-1 and 639 cm-1 

increase stronger at wavenumbers higher than the center of the peak, which results in the peak 

width on the right side wr being higher than on the left side wr: wr/wl > 1. Peak asymmetry of 

the B1g mode at 399 cm-1 is of opposite nature than that of the Eg modes due to negative 

dispersion of the B1g phonon dispersion curve. Georgescu et al. consider Raman peak 

asymmetry as a measure of the phonon confinement effect if the size distribution of the TiO2 

anatase crystallites is symmetric. A more detailed overview and discussion on phonon 

confinement can be found in chapters 6.1.1.3 to 6.1.1.6. 

Yin et al. demonstrated that (unlike the rutile phase) the band gap of anatase can be 

effectively tuned by applying stress along the soft c-direction, using first-principles band 

structure calculations. According to their calculations, uniaxial compressive/tensile stress 

of -10 GPa/+10 GPa along the c-axis increases/lowers the band gap by ± 0.3 eV. Epitaxial 

stress shows the opposite behavior, which is not of interest for thin films on amorphous 

substrates.81 Average strain arising from changes in lattice parameters with crystallite size can 

affect the Raman peak position. This effect becomes stronger for small crystallite sizes. 

Although Ager and Goudadec state that strain has impact only on the position of Raman peaks, 

and defects only widen them,82,83 in experimental studies on TiO2, under-stoichiometric oxygen 

content or oxygen vacancies, lead to a blue shift of the most intense Eg(1) peak at 143 cm-1.84,85 

The same effect was found in diamond Raman spectra by Ager et al., who suggest that the 

degree of compressive stress may depend on the density of microcrystalline defects.  

Strain is positive for compressive strain and leads to a blueshift of phonon wavenumbers 

in Raman spectra.70 According to Georgescu et al., the position of the B1g 399 cm-1 band 

correlates more with the crystal size as compared to the position of the Eg(1) and Eg(3) bands 

at 143 cm-1 and 639 cm-1 and they found the best correlation of peak width with crystal size the 

Eg(3) band. Anyway, in a study of Swamy et al., there is a stronger trend in the blue shift of the 

Eg(1) and Eg(2) peaks with pressure than for the B1g and A1g + B1g peaks.86 

Although Raman peak widths are theoretically considered to be independent of 

temperature,87 several researchers observed broadening of anatase Raman peaks with increasing 

temperature.77,78,88,89 
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Typically, Raman modes in ionic crystals are softened by increasing temperature, which 

results in a redshift of the Raman peaks.88 However, the behavior of anatase peak positions is 

not consistent in literature. 

Ohsaka noticed various changes in the position of single crystal anatase Raman peaks. 

The Eg(3) peak shifted to smaller wavenumbers with increasing temperature, as expected, but 

the Eg(1) and Eg(2) peaks at 143 cm-1 and 197 cm-1 underwent a blueshift and the position of 

the B1g peak at 399 cm-1 increased to a maximum at 250 K and then decreased with further 

increasing temperature.88 

Hearne et al. observed behavior of the Raman peak positions that differed strongly from 

Ohsaka’s results, but which was consistent for commercially bulk TiO2 anatase and TiO1.92 

anatase nanoparticles (12 nm), synthesized by lyophilization. There, most of the investigated 

peaks (Eg(3), B1g, A1g+B1g) exhibited typical softening and an associated decrease of the 

wavenumber with temperature. The positions of these peaks were similar for nanoparticles and 

the bulk material. The Eg(1) peak was the only one in which the position grew with temperature 

for both, nano and bulk material. 

Sahoo et al. recorded an increase of local temperature, position and width of the Eg(1) 

peak at 143 cm-1 of nanocrystals with laser power from 5 mW to 200 mW. These effects became 

more pronounced for smaller crystal sizes in the range of 17 °nm to 5.5 nm. For 5.5 nm crystals, 

the local temperature grew from room temperature to 800 K, the Eg peak shifted by +4 cm-1 

and the peak broadened by 17 cm-1 when the laser power was increased from 5 mW to 200 mW. 

Table 2 sums up the influence of several material properties on Raman peak shape (shift, 

width, and asymmetry) of the Eg(1) peak at 143 cm-1 and the B1g peak at 399 cm-1, and on the 

optical band gap. The left column names certain conditions. The “+” sing indicates that the 

condition causes an increase of the respective parameter, “-“ indicates a decrease of a parameter, 

and “0” indicates that the parameter is not affected by the condition. Numerical values are 

examples found in literature. The numerical values in the row “Decreasing crystallite 

size/phonon confinement” refer to the Bersani model90 using the parameters of Sahoo et al.78 

and Georgescu et al.77 for 6 nm crystals as compared to bulk TiO2.  
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Table 2: Influence of material properties on Raman peak shape and band gap. 

 Raman Eg(1) peak Raman B1g peak band gap 

condition shift width asym.* shift width asym.*  

Decreasing 

crystallite size /  

phonon 

confinement 

+8 cm-1 for 

6 nm.78 

+4.5 cm-1 for 

6 nm.77 

+ 86 

+9 cm-1 for 

6 nm.77,78 

+5 cm-1 

for 

6 nm.78 

-3 cm-1 for 

6 nm.78 

+8 cm-1 

for 

6 nm.78 

+ 86  

-3 cm-1 

for 

6 nm.78 

+ 91,92 

phonon 

coupling 
 + 77 0 77  + 77 0 77  

under-

stoichiometric 

O content / 

oxygen 

vacancies 

+11 cm-1 

(TiO1.89) 85 

0 82,83  

+77,78,83 

+22 cm-1 

(TiO1.89) 85 

0 77 0 82,83 + 77,82,83 0 77 - 93 

titanium 

vacancies 
0 82,83 + 77,82,83 0 77 0 82,83 + 77,82,83 0 77  

compressive 

(neg.) internal 

stress/average 

strain / high 

pressure 

+ 82,83,86,94 0 82,83 0 77 + 86,94 0 82,83 0 77  

tensile (pos.) 

internal 

stress/average 

strain 

  0 77   0 77  

inhomogeneous 

strain 
  + 77   + 77  

uniaxial stress 

along the c-axis 
      

±0.3 eV for 

±10 GPa 81 

Temperature 

(above room 

temperature) 

+ 87,88 + 77,78,87,88 0 77 - 88 + 77,78,88 0 77 

-0.2 eV at 

530 K (vs. 

RT)81 

-: decrease, 0: no influence, +: increase; RT is room temperature 

*) for asymmetry, -/+ means broader at lower/higher wavenumbers  

1.4.4 Raman scattering of amorphous materials 

The most common models of the Raman scattering of glass and other amorphous 

materials are based on the structural theory of glass by Goldschmidt and Zachariasen. The two 

main assumptions are that, firstly, the interatomic bonding forces in amorphous phase are 

similar to those in crystals because the mechanical properties are of comparable magnitudes. 

Secondly, there is no long-distance order, since the character of X-ray scattering is diffuse. Both 

is for example reflected in the Raman spectra of amorphous and crystalline silica (see Fig. 14 b). 
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In terms of a ‘lattice’, one can consider the distribution of the bonding forces as a 

disordered elementary cell of infinite size. This can be interpreted as a Brillouin zone that is 

reduced to zero, which results in a diffuse spectrum that is related to a density of states rather 

than individual lines. The folding of such a Brillouin zone is depicted in Fig. 14 a.70 

 

Fig. 14: a) Folding of a silica Brillouin zone towards zero, b) Raman spectra of amorphous (glass) and 

crystalline silica.70 

1.4.5 Raman bands of Si and of silica glass substrates 

The following chapters give an overview of the main Raman bands of the two kinds of 

substrates that are coated with TiO2 films in this work: Si wafers and silica glasses. 

1.4.5.1 Raman spectrum of Si 

The main one-phonon peak can be found at 520.7 cm-1. Weak structures between 200 cm-1 

and 520 cm-1 arise from the structure in the inverse lifetime of the zone-center optical phonon. 

Anharmonic coupling between the normal modes in the harmonic approximation determine 

their lifetime. 

The L-point TO phonon causes bands with maxima at around 620 cm-1, 665 cm-1, and 

825 cm-1. Its two-phonon overtone occurs as a tale in the two-phonon spectrum, which is 
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strongest between 600 cm-1 and 1045 cm-1 and is most intense between 920 cm-1 and 

1045 cm-1.95 Examples of Si Raman spectra and further information is given in chapter 3.1.5.1. 

1.4.5.2 Raman bands of silica glasses 

The most prominent bands in Raman spectra of glasses which overlap with Raman active 

vibrations of TiO2 are around 440 cm-1, 550 cm-1 and 800 cm-1. The first two correspond to a 

three-dimensional lattice of the SiO4 tetrahedra. The 440 cm-1 band emerges from O vacancies 

in the Si–O–Si bonds between two coupled tetrahedra and decreases with the concentration of 

silica. The asymmetric band at 550 cm-1 is due to deformation modes of decoupled tetrahedra 

and increases with the concentration of silica. The band around 800 cm-1 is attributed to the 

symmetric vibrations of two neighbor Ti atoms and a bridging O atom and decreases with the 

bonding angle of Si–O–Si. Further specific bands occur when other elements are present in the 

glass and can be found in the Handbook of Raman Spectroscopy, by I.R. Lewis and Howell 

Edwards.70 Examples of Raman spectra of silica glasses and further information is given in 

chapter 3.1.5.2.  
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1.5 X-ray diffraction 

X-ray diffraction (XRD) is the diffraction of X-ray waves which are scattered by atom’s 

electrions. X-ray diffractometry is used to investigate the structure of crystals. It provides 

information on the presence and nature of crystalline phases (such as crystallize size, strain, or 

texture), and is also used to estimate the crystalline and amorphous fraction in a sample. 

Crystalline materials are characterized by a periodic arrangement of atoms, which can be 

seen as a three-dimensional lattice (cubic, tetragonal, hexagonal, etc.), where the atoms are 

located in the nodes of the lattice. The lattice forms parallel planes with a distance d 

characteristic of a certain crystalline structure. The distances are usually in the order of a few Å 

(1 Å = 0.1 nm). That is why crystal lattices are often discussed in the non-SI unit Å.96 

In 1912, William Lawrence Bragg and his father Sir William Henry Bragg found the 

condition that must be fulfilled for constructive interference of diffracted rays to occur (which 

was later called Bragg’s law): 

 𝑛 ∙ 𝜆 = 2 ∙ 𝑑 ∙ sin 𝜃, (34) 

with the order of diffraction n, the wavelength of the radiation λ (CuKα1 = 1.54051 Å), the 

distance between the planes in the atomic lattice d, and the Bragg angle θ.97 The Bragg angle θ 

is the angle between the incident X-ray and the diffracted beam. The theoretical distance dhkl 

can be calculated by: 

 𝑑ℎ𝑘𝑙 =
1

√(
ℎ

𝑎
)
2
+(

𝑘

𝑏
)
2
+(

𝑙

𝑐
)
2
, (35) 

with the Miller indices h, k, and l of the corresponding lattice planes, and the lattice 

constants a, b, and c. For the tetragonal anatase and rutile lattice b is equal to a. The theoretical 

value assumes perfectly aligned monochromatic X-rays as well as perfect, undistorted crystals, 

which would lead to sharp diffraction peaks. 

In experimental diffractograms, the coherence length is limited by crystallite size, crystal 

imperfection or defects (such as dislocations, vacancies, interstitials, or grain boundaries), 

which leads to peak broadening. The Scherrer equation describes the diffraction peak 

broadening bcryst. caused by a finite coherence length L (often interpreted as crystallite size) 

from XRD: 

 𝑏𝑐𝑟𝑦𝑠𝑡.  = 𝑘 ∙
𝜆

𝐿∙cos(𝜃)
, (36) 
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with the crystallite size L, the width or peak broadening bcryst of the reflex (in radians), 

and the Scherrer constant k.98 k depends on the definition of ‘width’, the crystallite shape, and 

the crystallite size distribution.99 In our case, the width is the half-width at half maximum of a 

Lorentzian function, the shape is a tetrahedra for anatase as well as for rutile, and the size 

distribution is not known. According to Langford an Wilson, the Scherrer constant k is 0.7262 

for the anatase (101) and the rutile (110) reflection.99 We calibrated the width b with after 

measuring LaB6 660 a powder as described in chapter 2.2.3. 

The applicability of the Scherrer equation depends on the Bragg angle θ and the material’s 

absorption coefficient µ0 and is approximately 12% of the extinction length. Miranda and 

Sasaki estimated the upper Scherrer limit to be between 100 cm-1 and 200 cm-1 for most 

materials. 

In addition to crystallite size, peak broadening is associated with lattice strain. In 1923, 

John M. Cowley described strain induced diffraction peak broadening bstrain by: 

 𝑏𝑠𝑡𝑟𝑎𝑖𝑛 = 𝜖 ∙ tan 𝜃, (37) 

with the lattice strain ε = Δd/d.100 In 1953, G. K. Williamson and W. H. Hall established 

a method used to distinguish between diffraction peak broadening caused by crystallite size and 

by strain.101 Thereby the peak width bΓ is considered as the sum of the bcryst and bstrain. 

 𝑏𝛤 = 𝑏𝑐𝑟𝑦𝑠𝑡. + 𝑏𝑠𝑡𝑟𝑎𝑖𝑛. (38) 

When we insert equations (36) and (37) in (38) we get: 

 𝑏𝛤 = 𝑘 ∙
𝜆

𝐿∙cos(𝜃)
+ 𝜖 ∙ tan(𝜃). (39) 

Multiplying equation (39) by cos(θ) results in: 

 𝑏𝛤 ∙ cos(𝜃) = 𝑘 ∙
𝜆

𝐿
+ 𝜖 ∙ sin(𝜃). (40) 

In a plot bΓ∙cos(θ) against sin(θ), we use a linear fit with slope ε and intercept k∙λ/L.101 

In such a plot (called Williamson-Hall plot), the slope indicates strain, while the intercept 

indicates the grain size. A typical Williamson-Hall plot of our measurements is shown in Fig. 

15. 
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Fig. 15: Williamson-Hall plot of an e-beam evaporated undoped TiO2 thin film after annealing at 640 °C. 

Further evaluation is specified in the chapters 3.3, and in the sub-chapters of chapters 5, 

and 6, where X-ray diffractograms are analyzed. 
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2 Experiments 

In the following chapters, we describe the methods and the most important parameters 

that we used to prepare (2.1) and to analyze (2.2) TiO2 thin films. We produced undoped or Nb-

doped TiO2 thin films using three different deposition techniques: rf-diode sputtering (2.1.1), 

reactive e-beam evaporation (2.1.2), and rf-magnetron sputtering (2.1.3). 

2.1 Thin film preparation 

The rf-diode sputtered films prepared in chapter 2.1.1 are undoped multi-phase TiO2 films 

that were coated onto B270 glass, fused silica, and Si at varying substrate temperatures and are 

not post-heated. 

The reactive e-beam evaporated films prepared in chapter 2.1.2 are undoped as well as 

Nb-doped TiO2 films (with 0 at.%, 8 at.%, or 16 at.% Nb) coated onto B270 glass, fused silica, 

and Si at a substrate temperature of 250 °C, and are post-heated at various temperatures 

(350 °C – 750 °C). 

 The rf-magnetron sputtered films prepared in chapter 2.1.3 are Nb-doped TiO2 films with 

varying Nb content coated onto B270 glass (and Si) at a substrate temperature of 60 °C. The 

films are deposited using various controlled oxidation states of the metallic Ti target. They are 

post-heated at ca. 475 °C or 530 °C. 

We post-heated the e-beam coated films and the rf-magnetron sputtered films after a base 

pressure of 10-4 Pa is reached in the vacuum chamber that is also used for the rf-magnetron 

sputter deposition. Sample pre-treatment was similar for each set of samples. Prior to 

deposition, we cleaned the substrates in an ultrasonic bath in isopropanol for 30 min at 80 °C, 

rinsed them in deionized water, and dried them with a nitrogen pistol.  

2.1.1 Deposition of rf-diode sputtered TiO2 films 

TiO2 thin films were diode-sputtered by M.Sc. Jingyi Shi in her master’s thesis102 and by 

the author onto B270 Glass substrates at 155 °C to 415 °C (±20 °C) using a Perkin-Elmer PE 

2400 sputter coater (Fig. 16) with radio-frequency plasma excitation. 
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Fig. 16: Perkin-Elmer PE 2400 sputter coater.102 

The advantage of this method is a large area of homogeneous coating. The Ti target has 

a diameter of 25 cm and we measured a constant film thickness of 100 nm ± 5 nm within a 

circular area with 10 cm diameter. The geometry of the coater and the sputter arrangement are 

shown in Fig. 17. 

 

Fig. 17: Geometry of the Perkin-Elmer PE 2400 sputter coater (left), sputter arrangement and area of 

homogeneous deposition rate (right). Taken from Shi and modified.102 

The deposition parameters used in this study are given in Table 3. 
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Table 3: Deposition parameters of rf-diode sputtered films 

2.1.2 Deposition and annealing of reactive e-beam evaporated TiO2 films 

We applied a new technique for depositing Nb-doped TiO2 films by reactive electron 

beam evaporation. Nb-doped and undoped TiO2 thin films were deposited from crucibles filled 

with self-made pellets made from granular Ti2O3 and Nb2O5. The films are deposited in a 

Balzers Process Systems BAK 640 coating system high vacuum chamber. Fig. 18 shows the 

vacuum chamber with two quartz crystals and a rotatable calotte. 

 

Fig. 18: Balzers Process Systems BAK 640 coating system high vacuum chamber, with a calotte and quartz 

crystals. 

For the deposition, the crucibles shown in Fig. 19 are placed below the quartz crystals. 

For three sets of samples, the pellets were mixed with Ti2O3/Nb2O5 weight ratios of 20:0, 20:1, 

or 20:2, which produced films with 0 at.%, 8 at.%, or 16 at.% in relation to the Ti content. 

rf-diode sputtering power 400 W 

target Ti 

substrates B270 glass, quartz glass, Si wafer 

distance substrate – target 4.6 cm (1.8 inches) 

substrate temperatures 155 °C – 415 °C 

gas mixture Ar (25.5 sccm), O (0.5 sccm) 

working pressure 6∙10-1 Pa 

deposition time 60 min 
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Thus, the films have Nb/(Ti+Nb) ratios of 0, 0.08, and 0.16. We refer to these films as “Nb0”, 

“Nb1”, and “Nb2” respectively. 

 

Fig. 19: Crucibles to be filled with self-made Ti2O3 or Nb2O5 pellets.  

Three different kinds of substrates with a diameter of 25 mm were coated. The substrates 

are B270 glass discs (1 mm thick), fused silica discs (2 mm), and Si wafers (0.5 mm). They were 

mounted on the rotating calotte. A bottom view of the calotte is shown in Fig. 20. 

 

Fig. 20: Rotatable calotte used as a substrate holder. 

Prior to deposition, the vacuum chamber was pumped to a base pressure of 3∙10-4 Pa by 

a diffusion pump. The films were deposited in an oxygen atmosphere of 3∙10-2 Pa and a 

substrate temperature of 250 °C with thicknesses between 230 nm and 300 nm at a deposition 

rate of 0.4 nm/s. The deposition rate was controlled by quartz oscillators shown in Fig. 18. 

A further quartz cylinder (hidden behind aluminum foil in Fig. 20) calibrated to a mass 

density of 3.5 g/cm-3 was used to control the deposition time until an approximate film thickness 

of 300 nm is reached. The samples coated on B270 glass were individually post-heated at 

various temperatures ranging from 350 °C to 640 °C for 2 h in vacuum at a pressure of 1∙10-5 Pa. 

Films on fused silica were post-heated at 750 °C. Further films with varying stoichiometry and 

varying post-heating temperatures were produced additionally. The films were deposited by 

Dipl.-Phys.Ing. Martin Jerman in the optical workshop of the University of Duisburg-Essen and 

they have been post-heated by the author in this work. The temperatures have uncertainties of 

about 20 °C.  
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The used deposition parameters resulted from a publication of Jerman and Mergel.103 

There, TiO2 films were produced at various substrate temperatures from 150 °C to 350 °C and 

post-heated at temperatures from 150 °C to 850 °C. Films that were prepared there at 350 °C 

were anatase as-deposited and transformed to rutile after post-heating at 850 °C. The films 

deposited with a substrate temperature of 250 °C were amorphous as deposited and yielded the 

highest densities in mass and crystalline grains after annealing. Furthermore, the refractive 

index of the 250 °C films was reproducible. Thus, we expect the best mechanical, optical, and 

electrical properties for this coating temperature, and chose to post-heat at temperatures below 

800 °C in order to avoid a phase transition to rutile. 

Fig. 21 shows Raman spectra (633 nm) of the Ti2O3 coating material. The spectra were 

taken as described in chapter 2.2.1 with 100x lenses and a spot size of around 1 µm. 

 

Fig. 21: Raman spectra of the Ti2O3 coating material to be evaporated. The gray spectrum (shifted by 300 

units) is the average spectrum of 80 measurements taken at distances of 1 µm. The other three spectra are 

taken at single grains found at the surface of a Ti2O3 pellet. 

The gray spectrum at the top shows the average spectrum of 80 measurements taken in 

distances of 1 µm. The black line is a spectrum of pure Ti2O3, and the two spectra at the bottom 

show rutile. The upper one (shifted by 100 intensity units) shows a broad and distorted rutile 

spectrum that resembles the spectrum of a rutile nanocrystal. The red spectrum at the bottom 

shows a rutile spectrum with a narrow Eg peak at ca. 445 cm-1, a broad B1g peak at 145 cm-1, 

and the multi-phonon peak at 245 cm-1. The A1g peak at around 612 cm-1 is extremely weak or 

not present. The spectra are normalized. Although the pellet consists of mainly Ti2O3, the 

average spectrum contains a high amount of signals arising from rutile. Rutile produces a higher 

Raman intensity than Ti2O3. The measured rutile spectrum (blue) is 30 times more intense than 

the Ti2O3 intensity. This might be caused partly by the high surface roughness of the Ti2O3 
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grains. The laser could be better focused at the surface of the rutile crystal. Raman spectra 

(633 nm) of the Nb2O5 coating material are shown in Fig. 22. 

 

Fig. 22: Raman spectra of the Nb2O5 coating material to be evaporated. The black spectrum (shifted by 

100 units) is the average spectrum of 80 measurements taken at distances of 1 µm. The other two spectra 

are taken at single grains found at the surface of the pellet. 

The Nb2O5 pellet contains Nb2O5 (dark gray) as well as NbO2 (light gray) grains. The 

spectra of both crystal configurations contribute to the average spectrum (black). 

2.1.3 Deposition of plasma-emission controlled rf-magnetron sputtered TiO2 films 

We produced Nb-doped TiO2 thin films by plasma-emission controlled magnetron-

sputtering, as described in Mukherjee et al.104 In a previous study we had deposited films using 

the same sputter coater and compared dc- and rf-magnetron sputtered TiO2 films. The rf-

sputtered films had higher densities which were closer to standard anatase.105 We therefore 

chose to deposit the Nb-doped films with rf-sputtering. 

The samples were produced in the Thin Film group of the University of Duisburg-Essen 

by Dr. rer. nat. Sanat Kumar Mukherjee104, M.Sc. Shixun Cui106, and by the author (for details 

see below). For the deposition used a Von Ardenne Anlagentechnik GmbH LS500s sputter coater 

equipped with a plasma-emission monitor (PEM) shown in Fig. 23. 
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Fig. 23: Von Ardenne Anlagentechnik GmbH LS500s sputter coater equipped with a PEM.106 

Fig. 24 displays the sputter geometry. A Von Ardenne Anlagentechnik GmbH PEM 05 

plasma-emission monitor is attached to the sputtering coater using an optical fiber and a photo 

multiplier. It is used to stabilize the oxidation state of the metallic Ti target by controlling the 

oxygen flow using an RS 232 interface. Therefore, the intensity of the Ti 453 nm plasma line 

(neutral Ti atom) is measured.104 

In this work, we use the common abbreviation PEM (plasma emission monitoring) for a 

sputter coating process in which the oxidation state of the Ti target is controlled using plasma 

emission monitoring. 

The multiplier voltage is initially set to a value of 90 (“PEM90”), which also corresponds 

to the intensity of an oxygen-free Ti target is normalized to a value of 90 and the intensity is 

zero for a fully oxidized Ti target. We produced various sets of samples with PEM30, PEM35, 

PEM37.5, or PEM40, of the intensity. We roughly estimate the oxidation state of the target 

linearly to be 78%, 71%, 68%, and 65%. 

 

Fig. 24: Sputter geometry including the placement of the Nb wire and the substrates. Taken from 

Mukherjee et al. and modified.104 
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The target has a diameter of ca. 150 mm. Two Nb wires (99.99% purity) with 1 mm 

diameter and 20 mm length, are put onto one side of the sputter track of the target. At each 

deposition process, three substrates are coated simultaneously, and are placed (a) 12.5 mm, (b) 

42.5 mm, and (c) 72.5 mm horizontally away from the Nb wires. The substrates are discs of 

B270 Crown glass or Si wafers with diameters of 25 mm and thicknesses of 1 mm or 0.5 mm, 

respectively. 

Dr. rer. nat. Sanat Kumar Mukherjee produced the first set of samples and post-heated 

them at around 530 °C104 (the publication says 400 °C, but we have re-calibrated the heating 

afterwards). The author of this work repeated the deposition processes using the four mentioned 

oxidation states (78%, 71%, 68%, and 65%) and post-heated the twelve samples at 

475 °C ± 20 °C. M.Sc. Shixun Cui produced films using a 71% oxidized Ti target with varying 

deposition time.  
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2.2 Analytics 

The main focus of this work is the evaluation of Raman spectra of TiO2 thin films coated 

onto various substrates. We therefore describe in detail the Raman measurements in chapter 

2.2.1 and the production of Raman maps in chapter 2.2.2. The Raman spectra are (quantitatively 

and qualitatively) compared to X-ray diffractograms, which were taken and evaluated as 

described in chapter 2.2.3. In chapters 2.2.4 to 2.2.7 we briefly report experimental parameters 

of further analysis of surface topology, chemical composition, film thickness, mass, density, 

and electrical properties. 

2.2.1 Raman spectroscopy 

We measured Raman spectra of rf-diode sputtered multi-phase TiO2 thin films, e-beam 

coated undoped and Nb-doped TiO2 thin films and rf-magnetron sputtered Nb-doped TiO2 thin 

films with a Renishaw InVia µ Raman spectrometer at ICAN. We used a red 633 nm HeNe laser 

and a green 532 nm frequency doubled diode-pumped solid-state laser. The lasers were set to a 

power of 8 mW and 0.8 mW, respectively, which was measured after the light having passed the 

beam expander and the pinhole. The beams were then focused through a lens with a 

magnification of 100 with a spot size < 1 µm. The power of the green 532 nm laser was chosen 

lower than that of the 633 nm laser in order to avoid effects in the Raman spectra arising from 

local heating caused by a smaller spot size. It was checked that the Raman spectra did not 

change for multiple repetitions of the experiments. The 532 nm Raman spectra were measured 

as repetitive 1 s scans taken 100 times. The 633 nm Raman spectra were produced as described 

in chapter 2.2.1.1. 

A darkfield spectrum of a measurement with a closed spectrometer and without an 

incident laser beam is presented in Fig. 165 in the appendices. We estimate the spectral 

resolution of the spectra that were taken in this work as 1 cm-1, which is the width of sharp 

spectral signals that is produced by cosmic ray. Before processing, each Raman map that was 

taken within 8 hours includes roughly 30 or more cosmic rays. 

2.2.1.1 Measurement and preprocessing of the spectra 

[This chapter is part of a publication in the Journal of Raman Spectroscopy, Volume 49, Issue 

7, 1217-1229 (2018).]1 Copyright © 2018 John Wiley & Sons, Ltd. 

Raman maps were created within areas of 30 µm x 30 µm in 250 nm steps in snake mode 

summing up to 14 641 spectra. Each position was irradiated for 1 s and measured once. Every 

500 measurements, the laser focus was adjusted automatically. This setup minimizes laser 
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impact on the structure of the samples. The spectra were averaged for each sample after cosmic 

ray removal. The high amount of measurements allows significant noise removal so that the 

fitting routine described in this work can be applied to the single spectra of each individual 

position. We used the software Wire™ 4 for the described processing of the spectra.26 A detailed 

overview about noise reduction and other preprocessing can be found in Pelletier et al. 2003.19 

The measured spectral range has to be wider than the range which contains the most 

important information of the measurement because Raman spectra generally feature artefacts 

caused by the experimental setup within the lowest and highest wavenumbers. The most 

significant signals of the TiO2 phases are in the range from 100 cm-1 to 900 cm-1. Furthermore, 

we examined the characteristics of the Rayleigh peak around zero shift as an indicator for the 

quality and reproducibility of a measurement. Taking this into account, we measured our 

spectra from -144 cm-1 to 1118 cm-1. The range below 130 cm-1 is excluded from our models to 

avoid impairment of the Rayleigh filter, which affects the evaluation of the spectra below 

130 cm-1 and makes fitting impossible below 120 cm-1. Furthermore, rotational modes of the air 

occur in the range of 100 cm-1 – 140 cm-1.107 The range above 1000 cm-1 is fitted with less 

priority because of artefacts from the spectrometer that occur at the highest energies of any 

measured spectral range. 

Amorphous pure and Nb-doped TiO2 thin films with a thickness of 250 nm were deposited 

by electron beam evaporation from Ti2O3 and Nb2O5 powders in custom made evaporators onto 

1 mm thick discs of B270 crown glass substrates with a diameter of 25 mm. These films were 

used for preparing the amorphous reference spectra. Films that were post-heated at temperatures 

from 350 °C to 750 °C were used for testing and calibrating the decomposition of the measured 

Raman spectra into thin film and substrate spectra, for the models for first-order scattering and 

the background spectrum of anatase as well as for the simplified model for rutile as a minor 

phase. 

Mixed-phase films containing anatase, rutile, brookite, and an amorphous content were 

deposited by rf-diode sputtering with a thickness of 70 nm at various substrate temperatures 

ranging from 155 °C to 415 °C onto discs of Si, B270 crown glass, and fused silica with a 

diameter of 25 mm. The models for mixed-phase modelling were developed using Raman 

measurements of these samples. Spectra of TiO2 thin films prepared by magnetron sputtering 

could also be analyzed with our model but are not reported here explicitly. Raman spectra for 

six individual samples of each substrate material were measured and prepared with the same 

procedure as above. Four of each set of spectra were used to build the substrate models to be 

fitted to the spectra of the fifth and sixth samples. 
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2.2.1.2 Noise filter 

The single spectra of each position within the maps have low signal-to-noise ratios. For 

the average spectra of the Raman maps, the use of a noise filter is not necessary, because 14 641 

spectra irradiated each for 1 s provide enough information to minimize shot noise. But when 

single spectra within the maps are analyzed, the unfiltered spectra are not evaluable, and a noise 

filter must be used. Also, noise filtering drastically improves visualized Raman maps.  

Fig. 25 shows spectra of a Nb doped thin film TiO2 (sputter deposited with an oxidation 

state of the target of 65% “Ox-65”) after cosmic rays and the substrate spectrum are removed 

(sorted by the height of the Eg(1) peak at around 146 cm-1). The gray spectra are from several 

positions of a map, each measured for one second. The numbers in brackets are the positions in 

µm as seen from the center of the Raman map. The green spectrum is the average spectrum of 

the whole map. The visible noise in the single spectra is as intense as the strong Eg peak at 

145 cm-1 in the average spectrum and an order of magnitude higher than the intensities of the 

A1g peak and the A1g/B1g doublet. 

 

Fig. 25: Raman spectra of a Nb doped TiO2 (Ox-65) thin film after cosmic ray removal and subtraction of 

the substrate spectrum. The gray spectra are from several positions measured for one second. The 

numbers in brackets are the position in µm from the center of the Raman map. The green spectrum is the 

average spectrum of the whole map. 

A noise filter algorithm is implemented into Wire 4.0 software using principal component 

analysis (PCA). Principal component analysis describes most of the variance in a dataset by a 

linear combination of a certain amount of correlated parameters. Thereby, the data are 

transformed to a new coordinate system.108 In literature, this method is successfully used in the 

study of superclusters of galaxies. In the noise filter program, the PCAs are ordered by their 

Eigenvalues and, thus, by the amount of variance covered within the projection of the data. The 
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idea of using PCA as a noise filter is that, in general, the first few components cover most of 

the Raman information and the highest components cover more noise than information. 

Fig. 26 shows spectra of three positions already shown in Fig. 25 without noise filter 

(gray), with a noise filter that deleted all components after the first 100 components “c100” 

(green), and with noise filter keeping only 15 components “c15” (red). The unfiltered signal is 

extremely noisy, the c100 spectra show visible peaks, the c15 spectra are lacking important 

spectral information in the two crystalline spectra. 

 

Fig. 26: Three spectra of Fig. 25 without noise filter (gray), with a noise filter that deleted all components 

after the first 100 components “c100” (green), with noise filter keeping only 15 components “c15” (red). 

A screenshot of the Renishaw noise filter program is shown in Fig. 166 in the appendices. 

The top left window shows the correlation function, the top right figure is the map and the 

amount of signal (low = green, high = red) that is affected by the PCA component (here, 

component 100 is shown). The lower window shows the residual signal (at a chosen 

measurement point in the displayed map) that remains when all higher components are deleted. 

As one can see in the residual spectrum, artefacts at the peak position of the Eg(1) peak at 

146 cm-1 are visible. 

A correlation function that displays more components is shown in Fig. 167 in the 

appendices. The function becomes stationary between 100 and 200 components. Thus keeping 

ca. the first 100 components is a reasonable amount for optimum noise filtering with minimal 

corruption of spectral information. 

2.2.2 Raman maps 

The theoretical limit for spatial resolution dlim of the Raman laser that is focused through 

an optical lens can be quantified by the Rayleigh criterion for an airy disc of light with 
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 𝑑𝑙𝑖𝑚 = 0.61 ∙
𝜆

𝑁𝐴
, (41) 

where λ is the wavelength of the laser, and NA is the numerical aperture of the microscope 

objective. For a 633 nm laser with a 0.90/100x objective this results in a spatial resolution limit 

of 0.4 µm. Several sources wrongly use the equation d’lim = 1.22 λ ⁄ NA, which describes the 

distance between the first two minima of the airy function and not the theoretical diffraction 

limit.109 Yet, the “wrong” equation might be suitable for real experiments. The laser spot is not 

a perfectly airy disc and the samples to be analyzed do scatter the light. Thus, a real laser spot 

can be larger than the theoretical limit by roughly a factor of two. 

In order to scan sharp images, one has to oversample the scan. Adar et al. demonstrated 

that oversampling enhances the spatial resolution of Raman maps. They scanned polystyrene 

microspheres with diameters of around 5 µm and 8 µm dispersed on silicon, with a 532 nm laser 

passing a 100x objective with a power of 10 mW. They gained sharp images when the distance 

between two adjacent measurement points is 0.1 µm.110  

We chose a distance of 0.25 µm for our scans using the 633 nm laser, which we estimate 

to result in an oversampling factor of 3. Which is a compromise between the resulting sharpness 

and the resulting area (30 µm x 30 µm²) that can be measured during an 8 h session on the other 

hand. The resulting maps have a resolution of around 0.6 µm. 

Fig. 27 shows a map that was created for an intensity around 270 cm-1 using the signal-

to-baseline area in the range from 260 cm-1 to 280 cm-1 after a noise filter with 150 components 

was applied. The map shows horizontal wave-like structures parallel to the path of the laser 

beam with alternating strong and weak intensities. The distance between the maxima is around 

10 µm. It is improbable that these structures are caused by fluctuation of the sample thickness, 

because these structures occur only perpendicular to the measurement direction. This suggests 

that this is an artefact caused by the positioning of the sample stage which might affect the laser 

focus. 

Furthermore, several spots with a size of circa 1 µm show much higher intensity than the 

rest of the map. Such spots are also found in AFM and look like burst bubbles (see the AFM 

images of a glass substrate in Fig. 185 in the appendices). 
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Fig. 27: Map of the Raman intensity from 235 cm-1 to 255 cm-1 of a B270 glass substrate 

Four positions with varying intensities were chosen on the map in Fig. 27 and for each 

position four neighboring spectra were averaged and are shown in Fig. 28 together with the 

average spectrum of the whole map in red (for clarity in the figure, a stronger noise filter (c10) 

was applied). 

 

Fig. 28: Spectra of a B270 glass substrate at four different poitions marked on the map in Fig. 27. The 

coordinates in brackets are in µm in relation to the center of the map. 

The colors of the spectra in Fig. 28 correspond to the marked positions in Fig. 27. The 

coordinates in brackets in the legend are values in µm in relation to the center of the map. The 

trend of the intensities from 235 cm-1 to 255 cm-1 in Fig. 27 is visible for the four spectra over 

the whole range of measurement. 

A drift in z-direction (height) of the substrate holder of several µm occures during the 

measurements of the Raman maps. In order to compensate for the drift and to have the laser in 

focus during the eight hours of measurements, we programmed a focus track automation that 

corrects the laser focus after each 500 measurements. 

Intensities of a map that was measured using using the focus tracks are presented in Fig. 

29. It shows normalized maps of (a) I270, (b) focus track values, (c) I1000, and (d) I270/I1000. The 

I270 map displays the intensities in the range of 270 cm-1 ± 10 cm-1 (i.e. the area between the 
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Raman signal and the wavenumber axis from 260 cm-1 to 280 cm-1) for each measurement point. 

The I1000 map displays the intensities in the range of 1000 cm-1 ± 10 cm-1. The (d) I270/I1000 map 

is explained below the figure. 

 

Fig. 29: Raman maps of a B270 glass substrate: (a) Raman intensity I270 (signal-to-axis 

260 cm-1  – 280 cm-1), (b) focus track value, (c) Raman intensity I1000 (at 990 cm-1 – 1010 cm-1), (d) ratio 

map I270/I1000 (a) vs. (c). 

Using the focus track, more details are visible on the surface of the glass substrate (Fig. 

29 (a) and (c)) as compared to Fig. 27. Yet, artefacts occur from the focus track: the focus track 

displayed in Fig. 29 (b) is clearly visible in (a) and (c). A map that is almost free of such artefacts 

is shown in (d) which is a combination of (a) and (c). It is a normalized ratio map that displays 

the intensity ratios of map (a) and (c) for each meaurement point. In the following, we will 

name such ratio maps as e.g. “I270/I1000”. 

2.2.2.1 Raman phonon maps 

We did the same procedure for all TiO2 thin film maps, which is presented in Fig. 30 

exemplarily for a Ti9.84O2.25Nb0.16 film that was prepared by reactive e-beam evaporation and 

post-heated at 420 °C. Fig. 30 (a) shows an I149 map (normalized map of the signal-to-axis 

values in the range 149 cm-1 ± 10 cm-1), (b) I270, (c) focus track values (-0.11 µm to 6.14 µm), 

(d) a I149/I270 ratio map. 149 cm-1 is the center of the Eg(1) peak of that sample in the average 

spectrum of this map. 
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Fig. 30: Normalized maps of Ti9.84O2.25Nb0.16 (420 °C), (a) I149 (signal-to-axis 139 cm-1 – 159 cm-1), (b) I270 

(signal-to-axis 260 cm-1 – 280 cm-1), (c) focus track value (-0.11 µm to 6.14 µm), (d) ratio map I149/I270 ((a) 

vs. (b)). 

We chose the intensity at 270 cm-1 ± 10 cm-1 as the denominator of the ratio maps, 

because here, the superposition with first-order anatase, brookite or rutile Raman peaks is 

minimal. It is in between the strongest Raman peak (Eg(1) at 143 cm-1) and the other first-

order Raman peak of anatase (see ), which is the main crystalline phase in the analyzed films. 

The anatase phase background model spectra developed in this work (see chapter 3.1.4.4) are 

most intense above 300 cm-1 in the analyzed Raman spectra of undoped TiO2 and above 

280 cm-1 in the Nb doped films. The range includes signals from a rutile (multi-phonon) band 

and of brookite first-order Raman peaks, but it is a minimum between two brookite peaks 

(A1g around 247 cm-1 and the less intense B3g peak around 287 cm-1). See the rutile and 

brookite Raman spectra in Fig. 76 in chapter 5.2.3 and the valley around 270 cm-1 in the 

multi-phase Raman spectra in Fig. 86 in chapter 6.1.1.2). 

For each analyzed sample, we produced such ratio maps for the anatase phonons Eg(1) 

around 143 cm-1, B1g around 399 cm-1, and the A1g/B1g-doublet around 517 cm-1 and name 

these ratio maps as “phonon maps”. The phonon maps are normalized to the color scale from 

black (lowest intensity) to full color (highest intensity), thus black does not stand for zero 

intensity. 

 Fig. 31 shows the phonon maps of (a) Eg(1) (red), (b) AB1g (blue), (c) B1g (green) of a 

Nb-doped TiO2 film that was deposited by plasma emission controlled rf-magnetron sputtering 

with a 68% oxidized Ti target that was post-heated at 475 °C. 
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Beforehand, the average peak positions had been determined using the Raman fitting 

models for TiO2 thin films on a luminescent substrate as described in 3.1. We then 

superimposed the three phonon maps by placing them on top of each other as layers with the 

modus lighten only in the free graphics software Gimp. By doing so, the color information adds 

up in the combined phonon map (d). 

 

Fig. 31: Phonon maps of maps of a Nb-doped TiO2 thin film coated onto B270 glass by plasma emission 

controlled rf-magnetron sputtering with a 68% oxidized Ti target: (a) Eg(1) (red), (b) AB1g (blue), (c) B1g 

(green), (d) combined phonon map. 

The colors of the individual three phonon maps are red, green, and blue, because in an 

additive RGB color space any chromaticity can be produced by these three primary colors. This 

allows us to interpret the intensity of the individual phonons simultaneously in one single 

image. The RGB space provides us color coding to read the information of the individual parts 

within the combined phonon maps as is listed in Table 4 (‘+’/’-‘ is strongest/weakest intensity): 

Table 4: Interpretation of colors in the combined phonon maps or TiO2 phase maps 

color 
Eg(1)* 

anatase** 

B1g* 

amorphous/brookite** 

AB1g* 

rutile** 

black - - - 

red + - - 

green - + - 

blue - - + 

yellow + + - 

magenta + - + 
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cyan - + + 

white + + + 

*) Raman phonon maps; **) Raman TiO2 phase maps 

2.2.2.2 Raman TiO2 phase maps 

We produced Raman TiO2 phase maps that illustrate the distribution of TiO2 phase 

composition on the samples. The procedure will be explained exemplarily with the Raman maps 

of a reactive e-beam coated TiO2 thin film (on B270 glass). In order to prepare the anatase phase 

maps, beforehand combined phonon maps were made for anatase as described in chapter 

2.2.2.1. Fig. 32 shows the anatase phonon maps of (a) Eg(1), (b) B1g, (c) AB1g, and (d) the 

combined phonon map, which is an overlay figure of (a), (b), and (c).  

 

Fig. 32: Phonon maps of a TiO2 thin film coated onto fused silica by reactive e-beam evaporation post-

heated at 750 °C: (a) Eg(1) (red), (b) AB1g (blue), (c) B1g (green), (d) combined phonon map. 

We then converted the combined phonon map of anatase (Fig. 32 (d)) into grayscale and 

colorized it to red (displayed in Fig. 33 (a)). Fig. 33 (b) shows the corresponding brookite map 

(green) and (c) shows the rutile map (blue) of the same sample. The brookite (A1g) map was 

created as a I247/I270 ratio map which depicts the normalized ratio map of the intensity maps 

I247 (signal-to-axis area from 237 cm-1 to 257 cm-1) and I270 (signal-to-axis area from 260 cm-1 

to 280 cm-1) for each measurement point. The rutile (Eg) maps are I447/I467 ratio maps. Fig. 

33 (d) shows the TiO2 phase map, which is an overlay image of (a), (b), and (c). Like the 

combined phonon maps, the TiO2 phase map can be interpreted according to Table 4. 
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Fig. 33: TiO2 phase maps of a TiO2 thin film coated onto fused silica by reactive e-beam evaporation post-

heated at 750 °C: (a) anatase, (b) brookite, (c) rutile, (d) combined TiO2 phase map. 

The distribution of the main phase, anatase, is represented by three phonons (see Fig. 32), 

while brookite is solely represented by the A1g peak at 247 cm-1 and rutile is represented solely 

by the E1g peak at 447 cm-1. This causes inaccuracy, but the other brookite or rutile first-order 

Raman peaks are too heavily superimposed by signals from anatase. Furthermore, the rutile 

multi-phonon peak at 245 cm-1 might be misinterpreted as brookite. The anatase spectra in the 

dark areas of Fig. 32 (d) or Fig. 33 (a) are weaker than in the colored areas. In the same areas, 

the brookite (Fig. 33 (b)) and rutile (Fig. 33 (c)) maps show the highest intensities. 

In several maps post-heated at lower temperatures, rutile could not be detected in the 

single specially resolved spectra, and brookite is homogeneously distributed. There, we found 

regions with higher amorphous content in the anatase Raman spectra, and we thus created maps 

for anatase as well as amorphous content. The amorphous content is depicted by I270/I1000 maps. 

The combined maps than are overlay maps of anatase and amorphous TiO2 maps (examples 

can be seen in Fig. 139 in chapter 7.2.1). 

The amorphous maps leave a lot of room for misinterpretation, because the range of 

1000 cm-1 depends strongly on the substrate’s luminescence and high intensity in the range of 

270 cm-1 area can also be caused by broadened brookite spectra. 

2.2.3 X-ray diffraction 

In addition to Raman spectroscopy, we investigated the crystal structure with X-ray 

diffraction (XRD) using a Panalytical X’Pert PRO powder diffractometer in the Nanopartikel-

Prozesstechnik Group (nppt) at the University of Duisburg-Essen. We used copper Kα radiation 

and operated the diffractometer with 40 mA at 40 kV. We equipped the PW3011/20 detector 
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with a 0.18° parallel plate collimator. We placed a 10 mm mask 122 mm and a ¼° divergence 

slit 140 mm in front of the sample within a diffracted beam path of 240 mm. Prior to the 

measurements, we calibrated height and omega offsets for each sample. We performed the scan 

for four times in grazing incidence (2θ = 7°) as well as in θ-θ geometry at diffraction angles 

from 23° to 87° in steps of 0.05° with a step-time of 4 s. 

We measured LaB6 660 a reference powder111 using the same experimental parameters 

(in a range from 2θ = 10° to 100°). We made these reference measurements in order to calibrate 

the fitting of the peak parameters for the evaluation of the measured TiO2 diffractograms. We 

used the reference measurements to correct the peak positions, peak widths (left and right), peak 

height with polynomials, as described in the following. 

We demonstrate the evaluation of the LaB6 reference measurements for the grazing 

incidence (2θ = 7°) measurements exemplarily. We performed the same procedure for the 

measurements in θ-θ geometry, resulting in different polynomial correction curves (which will 

not be presented). 

Fig. 34 shows the measured diffractogram (black), a fit to the measured signal (dashed 

red), background signals (blue), literature intensities and peak positions111 (green), and the 

residual signal between the fit and the measured signal (gray). We fitted the peaks with 

asymmetric Lorentzian peaks. The principles of the fitting routine are described in chapter 3.3. 
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Fig. 34: Measured LaB6 660 a diffractogram (black), fit to the measured signal (dashed red), instrument 

background signals (light blue), LaB6 660 a literature intensities and peak positions111 (vertical green 

lines), and the residual signal between the fit and the measured signal (gray). 

Fig. 35 shows the range around chosen LaB6 reflexes: (100) (left), (110) (mid), and (320) 

(right). The main XRD peaks of anatase (101) and rutile (110) TiO2 powder diffractograms are 

between the LaB6 (100) and (110) peak. As one can see in the figure, the reflexes are 

asymmetrically broadened. The (100) peak is strongly broadened to the left of the peak center.  

The positions of the two peaks at the lower diffraction angles are shifted to the left (smaller 

diffraction angles), while the Kα1 segment of the (320) peak is close to the literature position. 

In the measured and the fitted diffractograms, the splitting of the Kα line into Kα1 and Kα2 

radiation is clearly visible for the (320) peak, but not for the two other peaks at smaller 

diffraction angles. 
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Fig. 35: Details view on ranges of the diffractograms shown in Fig. 34 around the (100) (left), (110) (mid), 

and (320) reflexes. Colors are as in Fig. 34: measured LaB6 660 a diffractogram (black), a fit to the 

measured signal (dashed red), an instrument background signals (light blue), LaB6 660 a literature peak 

positions111 (vertical green lines), and the residual signal between the fit and the measured signal (gray). 

Fig. 36 displays the deviations of the fitted peak parameters as compared to standard 

values. The left graph shows the half-width at half maximum on the left side of the peak center 

(h.w.h.m.l) (gray squares), the half-width at half maximum on the left side of the peak center 

(h.w.h.m.r) (black circles), and the shift of the peak positions. The graph on the right side shows 

the relative peak height (black triangles) and relative intensity (gray triangles) of the peaks, 

both divided by the standard values. Therefore, the intensity (or height) of the most intense 

quotient of the most intense LaB6 peak, (110), is normalized to one before we formed the 

quotients. The fitted intensities result from the peak parameters h.w.h.m.l, h.w.h.m.r, and peak 

height. 

 

Fig. 36: Left: half-width at half maximum on the left side of the peak center (h.w.h.m.l) (gray squares), 

half-width at half maximum on the left side of the peak center (h.w.h.m.r) (black circles), and the shift of 

the peak positions; right: relative peak height (black triangles) and relative peak intensity (gray triangles) 

as compared to standard values. Trendlines are added as third-degree polynomials. 
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Third degree polynomials are added to the figure as trendlines. We use these polynomials 

for the correction in the fitting routines of the peak parameters in chapter 6. 

2.2.4 Surface topology 

We produced topographic images of the surfaces and of prepared film edges with the 

scanning electron microscopes (SEM) Jeol JSM-7500F and ESEM Quanta 400 FEG. We 

analyzed the particle sizes using the free software imagej or by manually measuring the particles 

on SEM images at varying magnifications ranging from 4000 to 1 000 000. 

Atomic force microscopy (AFM) images were made by Dr.-Ing. Steffen Franzka using a 

Bruker Dimension Icon at the Interdisciplinary Center for Analytics on the Nanoscale (ICAN). 

ICAN is located in the NanoEnergieTechnikZentrum (NETZ), which is the central research 

building of the Center for Nanointegration Duisburg-Essen (CENIDE). It is located at the 

campus of the University of Duisburg-Essen.  

2.2.5 Chemical Composition 

We quantified chemical composition by energy dispersive X-ray spectroscopy (EDX), by 

Rutherford backscattering spectrometry (RBS), and by X-ray photoelectron spectroscopy 

(XPS). 

We made the EDX measurements with a Bruker Quantax 200 equipped with a 

30 mm2 SSD crystal, which is attached to the Jeol JSM-7500F SEM in the nppt group. RBS 

measurements were performed by Dr. rer. Nat. Hans-Werner Becker using a Dynamitron 

Tandem accelerator in the Rubion group at the Ruhr University Bochum. Ulrich Hageman 

carried out the XPS measurements at ICAN using a Phi 5000 Versaprobe II. 

2.2.6 Film thickness, mass, and mass density 

We determined film thicknesses by profilometry, optical ultraviolet/visual/near-infrared 

(UV/VIS/NIR) spectrometry, ellipsometry, SEM, RBS, or XPS. We used a Veeco Dektak 6M 

profilometer to measure the thickness at prepared film edges at ICAN. 

We obtained film thicknesses from UV/VIS/NIR spectra by dielectric simulation of 

measured optical transmission and reflection spectra using the software SCOUT. Dipl.-

Phys.Ing. Martin Jerman measured the optical spectra with a Perkin-Elmer LAMBDA-9 

Spectrometer at the optical workshop of the university of Duisburg-Essen. Measurement took 

place in 1 nm steps from 200 nm – 2500 nm (transmittance) and 5 nm steps from 200 nm – 

2000 nm (reflectance). The estimated error of the thicknesses is 3 nm. 
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Dipl.-Phys.Ing. Klaus Pärschke performed and evaluated the ellipsometry measurements 

taken with a HORIBA Jobin Yvon MM-16. We took SEM images at film edges, which we 

prepared by breaking the samples in liquid nitrogen. 

We determined film masses by weighing the substrates for five times before and after the 

deposition with a Sartorius C50 mass comparator. The estimated error is 30 µg. Film densities 

result from the quotient of the measured masses and thicknesses. The error of film density is 

around 0.2 g/cm³. 

2.2.7 Electrical properties 

We determined electrical properties, such as refractive index, electrical conductivity or 

band gap from the UV/VIS/NIR spectra using the software SCOUT or by Tauc plots (see 

chapter 6.1.2.5). 

We performed DC conductivity measurements with a Keithley 4200-SCS four-point-

probe at the department Nanostrukturtechnik (NST) at the University of Duisburg-Essen. Four-

point measurements separate the current and the voltage contacts, which avoids additional 

probe resistances in comparison to a two-point measurement. 

The probe is equipped with tungsten carbide probe tips. We took each measurement for 

20 times in 2 s intervals at three different positions in the center of each sample. We measured 

with a current of 10-7 A and set the compliance to a voltage 150 V. Thus, both, current and 

voltage are limited. As a result, values for the films with good conductance are measured at 

10-7 A and the values for the barely conductive films are measured at 150 V. 
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3 Concepts and models for the decomposition of Raman spectra and 

X-ray diffractograms 

In this chapter, we introduce concepts and models for the decomposition of Raman 

spectra and X-ray diffractograms into different components. In chapter 3.1 we present and 

discuss the concepts of the Raman models that we developed in this work. The chapter is written 

in a didactical way so that the concepts of building such models should be easily applicable to 

other materials. 

The modeled and measured spectra in chapter 3.1 are exemplarily shown for Raman 

spectra taken with a 633 nm laser. The same procedures were also performed with a 532 nm 

analogously. 

In chapter 3.2 we define the parameters of the models for the simulation of Raman spectra, 

and in chapter 3.3 we introduce models that we developed for the simulation of X-ray 

diffractograms and define the parameters used. 

3.1 Decomposition of Raman spectra of mixed-phase TiO2 thin films on Si and silicate 

substrates 

[This chapter is part of a publication in the Journal of Raman Spectroscopy, Volume 49, Issue 

7, 1217-1229 (2018).]1 Copyright © 2018 John Wiley & Sons, Ltd. 

3.1.1 Summary 

We present a method to fit Raman spectra of TiO2 thin films on silicon wafers, fused 

silica, and crown glass with adjustable model spectra of the different components of the 

substrate and the thin film. With reasonable restrictions of the fitting parameters, the method 

developed in this work allows a simultaneous fit to the measured spectra. The TiO2 thin film 

spectrum is split into one spectrum for the amorphous phase and spectra for each crystalline 

phase (anatase, rutile, and brookite) that are divided into first-order scattering and a phase 

background (including second-order scattering). Moreover, if the substrate is luminescent, the 

substrate spectrum is split into luminescence and Raman spectra. All decisions on parameters 

are made by the fitting procedure within a simultaneous fit of a series of spectral models to the 

observed Raman spectrum. The main strategies for preparing such models are pointed out in a 

way that they should be applicable to other materials. 

TiO2 is a promising and flexible material for photocatalytic applications with rapidly 

growing interest in mixed-phase TiO2 as nanostructured material or thin film. For the analysis 

of such films it is important to differentiate the signals of the various phases and to distinguish 
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between signals from the substrate and the film. This provides a means to improve the 

quantitative evaluation of Raman spectra. 

3.1.2 Introduction 

Mixed-phase TiO2 is a very flexible group of materials for various photocatalytic 

applications.5,17,18 TiO2 is a widely used and the most studied photocatalyst – mainly as thin 

films or nanomaterials – because it is highly efficient, chemically and biologically stable, and 

non-toxic at low cost.4 The polymorphs of TiO2 that occur at atmospheric pressure at room 

temperature are anatase, rutile, and brookite. The photocatalytic performance of anatase and 

rutile has been extensively studied.5 The structure of brookite is more complex6 and brookite 

was seldom studied experimentally until 2012 because it is difficult to synthesize.5,7–10 Yet, 

interest has rapidly grown in recent years because of its excellent photocatalytic 

performance.4,11–16 The growing interest in mixed-phase TiO2 necessitates to quantify the 

relative amount of the phases and to analyze each phase independently. Raman spectroscopy 

has high potential for such analysis because it is highly sensitive and non-invasive. 

Nevertheless, two issues have to be met: The substrate spectrum has to be separated from the 

thin film spectrum, and the spectra of the phases have to be separated from each other. 

Analysis in literature of thin film spectra or materials in luminescent media is often 

limited because large parts of the spectra to be studied are overshadowed by the background 

signals. Several computational and experimental approaches like shifted excitation Raman 

difference spectroscopy are used to remove such noise.22–24 An overview and comparison of 

these approaches can be found in Cordero et al.25 The Raman activity of substrates is an issue 

in thin film Raman spectroscopy.20,21 Often, arbitrary linear ‘backgrounds’ are subtracted before 

Raman peaks are fitted, which is inappropriate for cases in which the intensity of the Raman 

‘background’ characteristic is in the same order of magnitude or higher than the Raman spectra 

of the analyte. That is why the evaluation of thin film Raman measurements is often very 

restricted, and they are discussed mainly qualitatively and often only the most intense peaks are 

considered. Common evaluation software programs of Raman spectrometers provide the 

possibility to subtract backgrounds by means of a polynomial function, ignoring the physics 

behind the spectra.26 For thin films, this approach leads to poor results because substrate signals 

are inadequately taken into account. In this work, we strive to demonstrate that – with the right 

choice of simplifications – a separation of the substrates’ and thin films’ spectra can be achieved 

to a feasible degree, allowing a more elaborate evaluation of the film spectra. Apart from the 
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distinction between the substrate and the thin film spectrum, quantitative phase separation 

within the thin film spectrum is necessary in order to analyze each phase independently. 

Quantitative evaluation of Raman spectra is known since more than half a century. Yet, 

Raman spectroscopy is still associated mainly with qualitative rather than quantitative analysis. 

Nevertheless, Pelletier gives an elaborate introduction to quantitative analysis using Raman 

spectroscopy. He recognizes growing interest in this topic, caused by improved 

instrumentation, and lists over 200 published examples, already in 2003. The basis for a 

quantitative evaluation of Raman spectra is a proportional relationship between Raman 

scattering intensity and the concentration of the measured material. The extremely low cross-

section of Raman scattering (one Raman photon per 108 excitation photons) leads to negligible 

interference between Raman photons allowing to treat Raman spectra with the principle of 

linear superposition. Several approaches for the quantification of analyte concentration with 

spectral properties of Raman spectra are described by Pelletier, including the comparison of 

band heights or band areas, principal component analysis, partial least squares, change in band 

position, principal components regression, and cross-correlation.19 

Clegg et al., Beuvier et al., and Castrejón-Sánchez et al. demonstrated the quantification 

of phase content in TiO2 using Raman spectroscopy in 2001, 2009, and 2014, respectively. The 

first two compared their results to quantification using X-ray diffractograms, and the latter 

constructed calibration curves using mixtures of TiO2 powders with varying anatase/rutile 

weight ratios.112–114 In these studies, the intensity ratios of only single peaks of certain phases 

were compared to each other. This approach works well for polycrystalline TiO2 with arbitrarily 

oriented crystals. Though, the relative intensities of the peaks of a certain phase can differ for 

oriented or textured samples because of geometric properties of the experimental setup like the 

orientation of the sample towards the laser or because of structural properties. Furthermore, in 

the analysis of TiO2 Raman spectra, second-order scattering of anatase is considered only 

seldom and solely in qualitative analysis, and a decomposition of measured spectra into 

amorphous and crystalline content is considered impossible.27–30 In our approach, we fit model 

spectra for the different TiO2 phases, including the phase backgrounds and amorphous content, 

as well as model spectra for luminescent and non-luminescent substrates to the measured 

spectra. 

3.1.3 Concept of the Raman fitting model 

Spectra from Raman measurements are decomposed into several components. The 

contributions of the components are represented by model spectra and include Raman scattering 
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and luminescence. The models were built by analyzing evaporated and sputtered TiO2 thin films 

on the substrates silicon wafers, fused silica, and crown glass (B270). 

First, we decompose the spectra into their two main components substrate and film. The 

spectrum of the film is, furthermore, split into an amorphous content and the Raman active 

modes of the various crystal phases. An example spectrum of a weakly crystallized TiO2:Nb 

anatase thin film on a B270 glass substrate is shown in Fig. 37. The light blue line represents 

the modeled substrate spectrum and the dark red line represents the modeled TiO2 thin film. 

The thin film is further decomposed into an amorphous (gray) and an anatase (green) model 

spectrum. The amorphous, anatase, and substrate spectra sum up to the fit (dashed red line). 

The light gray residual spectrum is the difference of the measured spectrum and the fit. 

 

Fig. 37: Measured Raman spectrum (black) of a TiO2 thin film on a B270 glass substrate and its 

decomposition into B270 glass substrate (light blue) and thin film (dark red). The thin film is furthermore 

split into an amorphous phase (dark gray) and a crystalline anatase content (green). The measured 

spectrum, fit (red dotted line), and substrate spectra are shifted by 300 units on the intensity axis. The 

excluded range is light red and the low priority range is light brown. 

However, this decomposition is too coarse to describe a spectrum adequately. In all 

circumstances, individual sources of signals in the Raman spectrum from the film and the 

substrate must be considered: the Raman active modes of each crystalline phase include first-

order scattering as well as a background containing second-order scattering and disorder-

induced scattering. Furthermore, if the substrate is luminescent, the spectrum of the substrate 

has to be decomposed into a luminescence background and Raman active modes. 

All fitting procedures are performed using a spreadsheet (Microsoft Excel), thus access to 

special Raman evaluation software is not necessary. We need adjustable model spectra for each 

component to model a total spectrum. The sum of these models is the model we fit against the 

measured spectrum by the least-squares method. The difference between the fit and the 
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measured spectrum is squared for each data point and the sum of these values is reduced by the 

generalized reduced gradient algorithm of solver, which is implemented into Microsoft Excel. 

The described decomposition is made possible by processing all fitting procedures 

simultaneously. This makes our modeling routine more powerful as compared to commercial 

step-by-step Raman evaluation software, which does not provide the possibility to discriminate 

between luminescence and Raman spectra of a substrate as well as thin film spectra within one 

measured spectrum – above all for mixed-phase films. 

This algorithm provides locally optimal solutions for non-convex problems.115 Thus, 

reasonable start values and constraints (upper and lower limits) have to be assigned to the 

variables. The main issue for building the models for the individual components is to prevent 

them to interfere with each other. The models and their appropriate fitting parameters are 

described below – firstly, for the TiO2 thin films and, secondly, for the different kind of 

substrates. It must be pointed out that the model allows to simulate a certain phase’s relative 

content of counts within a measured spectrum, but a quantification of the mass fraction 

necessitates calibration measurements.  

3.1.4 Models for TiO2 spectra 

The models for TiO2 spectra cover the amorphous phase and the crystalline phases, 

anatase, rutile, and brookite. Each crystalline phase is decomposed into first-order and phase-

background spectra. Depending on the complexity of a spectrum, the relative intensity of a 

phase within the spectrum and the signal-to-noise ratio, different models with various degrees 

of simplifications are necessary. The models presented here were built for TiO2 thin films but 

should be applicable to bulk material also. 

3.1.4.1 Amorphous phase 

A spectrum for the amorphous TiO2 phase is added to the total spectrum with a fitting 

factor. For the model of the amorphous phase, spectra of amorphous undoped and doped TiO2 

thin films with 0 at.%, 8 at.% and, 16 at.% Nb content on B270 crown glass substrates were 

measured. These films were prepared by e-beam evaporation to avoid the implementation of 

crystal nuclei. The backsides of each sample were measured as reference and subtracted from 

the spectrum so that glass features were minimized in the resulting spectra. The spectra are 

shown in Fig. 38, normalized to a total intensity of 100 000 counts. The character of the 

amorphous spectrum is not suitable to estimate the Nb content because the nature of the 

spectrum does not change significantly with the Nb content. 
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Fig. 38: Raman spectra of amorphous TiO2 (black), Ti0.92O2Nb0.08 (dark gray), and Ti0.84O2Nb0.16 (light 

gray), normalized to 100 000 counts after the subtraction of the substrate spectra from the measured 

spectra. 

The amorphous phase of TiO2 has broad bands, which makes fitting difficult. This is the 

reason why the quantification of amorphous contents in Raman spectra is considered impossible 

in literature.30 Anyway, measuring over a wide range allows to differentiate the amorphous 

spectrum from other components in a TiO2 Raman spectrum. The change of a plateau at low 

wavenumbers to a rather straight downwards slope around 700 cm-1 is the most prominent 

feature of the amorphous spectrum. In Fig. 37, one can see clearly that the spectra of the 

amorphous phase and the crystalline phase are distinct. 

3.1.4.2 Crystalline phases 

In our fitting routine, each crystalline phase is composed of the main first-order Raman 

scattering spectrum and a ‘phase background’. The main first-order Raman spectra models 

describe Lorentzian functions of optical first-order Raman scattering (from the center of the 

Brillouin zone with a phonon wave-vector = 0). The phase background models cover second-

order scattering and all other additional spectral information of a certain phase that are not 

described by the first-order model. Defects or disorder caused by doping, grain or phase 

boundaries, or further lattice disorders disturb the translational symmetry, which causes a 

breakdown of selection rules. Additional modes specific to the dopant atoms and Raman 

inactive phonons (IR-active or silent ones) can be activated. Dispersion peaks appear if the 

crystallite size is smaller than the laser wavelength. Furthermore, acoustic phonons (coherent 

vibrations of adjacent atoms), overtones (twice the wavenumber of the fundamental), and 

anharmonic coupling of phonons to other phonons occur. Anharmonic coupling can occur by 

an optical phonon decaying symmetrically into two acoustic phonons with opposite momenta 
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at the same energy or by decaying asymmetrically into a longitudinal acoustic and a transverse 

optical phonon.78,79,116–121 Acoustic vibrations of anatase are most pronounced below 50 cm-1 

and, thus, are not relevant to our model.122 

The intensity of the phase background spectrum is often considered as a degree of 

anharmonicity of the vibrations within a crystal caused by defects, in addition to shape width, 

and the position of first-order scattering peaks.28,29,61,73 Thus, thin films, nano-particles or nano-

structured materials have strong phase background spectra. Rutile Raman spectra are generally 

even stronger in second-order scattering than in first-order scattering, which reflects the 

anharmonic vibrations of phonons in rutile.73 Furthermore, second-order Raman scattering gets 

resonantly enhanced by interband transitions of a semiconductor.123 

Beside an amorphous content, our TiO2 films consist of either (a) partly crystallized 

anatase, (b) anatase and rutile, or (c) anatase, rutile, and brookite. Thus, rutile and brookite 

never occur solely in our films, but only in smaller addition to anatase. They are therefore 

implemented into the fitting routine as simplified models. 

In mixed-phase films, simplifications in the fitting routines become inevitable in order to 

avoid heavy interference in the modeling of overlapping peaks. Simplifications of first-order 

scattering and phase background models are described below. Simplifications for first-order 

scattering models are essential especially if the signal of a phase does not provide enough 

information for individual peak fitting. In such cases, we recommend different grades of 

simplifications: light simplifications for dominant phases, strong simplifications for minor 

phases, and strict simplifications for minor phases with high complexity or of which only traces 

are visible in the Raman spectrum. In our mixed-phase fitting routine, the intensity ratios of the 

phase background model spectra depend on the intensity ratios of the first-order scattering 

model spectra. 

3.1.4.3 First-order scattering models 

The first-order scattering peaks of Raman active modes are represented by asymmetric 

Lorentzian functions as described in equation (42): 

 𝐼 =
𝐴

1+(
𝑥−𝑥0
∆𝑥𝑙

)
2 for 𝑥 ≤ 𝑥0 and 𝐼 =

𝐴

1+(
𝑥−𝑥0
∆𝑥𝑟

)
2  for 𝑥 > 𝑥0. (42) 

with intensity I, wavenumber x and the four fitting factors peak position x0 on the 

wavenumber axis, peak amplitude A on the intensity axis, half-width on the left-side Δxl and 

half-width on the right-side Δxr, as shown in Fig. 39. In the fitting routine, minimum and 
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maximum values have to be defined for these four peak parameters. The Raman active modes 

to be fitted and the start positions for the peaks of each phase are taken from literature.8,73,76 

 

Fig. 39: Asymmetric Lorentzian function and its four fitting factors: position x0, height A, half-width at 

half maximum on the left-side Δxl and on the right-side Δxr. 

3.1.4.3.1 Simplified models for first-order scattering 

As described above, three different grades of model simplifications are necessary for 

those of our spectra that contain more than one crystalline phase – as a compromise between 

accuracy and feasibility. We have used light simplifications for two different phases. Omitting 

peak asymmetry works well for anatase and rutile. This simplification is adequate for the main 

crystal phase in our films (anatase). For a phase with low complexity and less than 20% of the 

counts in the spectra, which is rutile in our case, linking of parameters, in addition to the use of 

symmetrical Lorentzian functions, leads to good results. Two kinds of linking were used: the 

first one is to assign the same peak width to different peaks (the rutile Eg peak around 447 cm-1 

and the rutile B1g peak around 612 cm-1) and the second one is fixing the ratios of different 

peaks (such as the ratio of the intensity between the weak rutile A1g peak around 145 cm-1 and 

the Eg or B1g peak). 

The strong simplification for a complex phase (in our case brookite) is the use of global 

fit parameters. Therefore, we model a reference spectrum – the ‘processed’ spectrum in Fig. 40 

– with Lorentzian functions at fixed peak positions with fixed height ratios and manipulate the 

spectrum with global fit parameters for height and width for the whole set of all functions. 

Height ratios and peak positions are fitted manually. A strict simplification for phases of which 

only traces are visible is implemented by adding a reference spectrum of a certain phase with 

only one fitting factor to the total spectrum. 
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3.1.4.4 Models for phase background spectra 

In the following, we describe the preparation of our phase background models by 

decomposing reference raw spectra into first- and remaining background spectra. The methods 

shown in Fig. 40 and Fig. 41 (I) and (II) are not applicable in the main fitting routine when we 

fit a measured spectrum that is taken from a TiO2 thin film on a substrate. The models that we 

obtain by this preparation have to be rigid when they are fitted to measured spectra. They are 

modeled by the fitting factors discussed in each model, instead. 

We suggest working with two different kinds of models for phase background spectra. 

For adequate fitting, a phase with high intensity and high signal to noise-ratio necessitates a 

model in which the shape and positions of the individual bands can be adjusted. Minor phases 

with weak signal or phases with complex Raman spectra, on the other hand, require a simple 

and robust model to make the modelling of phase backgrounds feasible. 

The nature of a phase background spectrum depends strongly on the crystal phase and the 

excitation wavelength.73,124 We have used a 633 nm laser in our experiments, but reference 

Raman spectra with that wavelength were not available in the literature. Thus, we have built 

the phase background spectra models for each phase twice for the excitation wavelengths 

532 nm and 780 nm, for which literature data of monocrystalline bulk samples exist.125–127 A 

combination of the models for these two wavelengths serves well as a model for the 633 nm 

laser Raman measurements. 

3.1.4.4.1 Decomposition of reference phase background spectra 

In order to prepare phase background models, reference spectra have to be decomposed 

into first-order scattering and the phase background spectrum. Thus, spectra have to be 

available by measurement or by literature spectra. The RRUFF project – a website containing 

a database of Raman spectra, X-ray diffraction and chemistry data for minerals – provides 

reference spectra of numerous minerals as ASCII files.128 Most spectra are available as ‘raw’ 

files as well as ‘processed’ files. The raw files contain the spectra as measured while the 

‘processed’ files contain the first-order scattering modes only. 

If such raw and processed data are available, first-order and phase background spectra are 

already separated. Thus, reference phase background spectra of a certain phase can be easily 

deduced, as we will demonstrate for the brookite phase. We have subtracted the processed 

spectra from the raw spectra and smoothed the resulting spectra. We interpret these difference 

spectra as the phase background of the brookite phase. Fig. 40 shows the decomposition of a 

brookite TiO2 Raman spectrum from RRUFF database produced with a 780 nm laser.125 The 



 

79 

 

dark red line is the raw spectrum as measured and the red line is the 'processed' spectrum. The 

light red line is the (smoothed) difference spectrum of the first two spectra, which we interpret 

as the phase background of brookite. The intensities are shifted by 200, 100 and 50 units. 

 

Fig. 40: Decomposition of a raw brookite TiO2 Raman spectrum taken with a 780 nm laser (dark red) into 

the 'processed' spectrum (red), both available at RRUFF database,125 and their smoothed difference 

spectrum (light red), which we interpret as the phase background spectrum of brookite. 

If raw spectra are available only or reference spectra are measured, the spectral 

contributions of first-order and the phase background have to be separated manually. This 

procedure is demonstrated for anatase. Again, the reference spectrum is taken from RRUFF 

database.126 We have fitted Lorentzian functions of the first-order scattering model to the 

literature spectrum by hand until artefacts were minimized in the residual spectrum around the 

center of the peaks. We consider this residual spectrum as the phase background spectrum of 

the reference anatase sample. Fig. 41 (I) shows the 780 nm literature Raman spectrum (black), 

the modeled anatase first-order scattering Lorentzian peaks of Eg (red), A1g (blue), and B1g 

(green) phonons and the residual spectrum that remains after subtracting the Lorentzian peaks, 

which we interpret as the phase background spectrum (dashed black line). 
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Fig. 41: (I) Decomposition of a reference monocrystalline bulk anatase raw spectrum126 into first-order 

Lorentzian peaks and the residual spectrum (dashed black line), which we interpret as the anatase 

background spectrum. The Eg peak at 143 cm-1 has an intensity of 50 000 units; (II) pseudo-Voigt peaks, 

grouped to three bands (a), (b), and (c) as models for the anatase background spectrum (for 780 nm laser 

excitation). The black dashed line (anatase background) is the residual spectrum in Fig. 41 (I); (III) TiO2 

anatase spectrum derived by subtraction of the substrate and amorphous spectrum from a measured 

spectrum, decomposed into modeled anatase first-order and background spectra. The Eg peak at 145 cm-1 

has an intensity of 3 200 units. The excluded range is light red and the low priority range is light brown. 



 

81 

 

3.1.4.4.2 Adjustable spectral bands for phase backgrounds 

Anatase is the strongest phase in our films and will serve as an example for a phase 

background model with individually adjustable spectral bands. As described above, we consider 

the residual spectrum of Fig. 41 (I) as the phase background spectrum of anatase. We modeled 

it by a set of 12 pseudo-Voigt functions as depicted in Fig. 41 (II). The pseudo-Voigt functions 

are grouped to form three bands around 300 cm-1, 530 cm-1 and 800 cm-1, which are also 

discussed in literature. A further band occurs around 700 cm-1, especially in Nb-doped films, 

which might be attributed to defects, such as oxygen vacancies.28 This will be discussed in a 

following publication. Kontos et al. described Raman bands as broad peaks for N-doped TiO2 

at 328 cm-1, 585 cm-1, 680 cm-1 and 815 cm-1 with a 459.9 nm laser, and similar bands were 

found by Liu et al. around the wavenumbers 289 cm-1, 600 cm-1, and 800 cm-1 using a 514.5 nm 

laser.27,124 Zeng et al. describe two distinct bands at 803 cm-1 and 918 cm-1 for undoped TiO2 in 

spectra measured using a 473 nm laser.29 In certain of our spectra an individual band occurred 

around 930 cm-1, also. The band around 300 cm-1 is associated with A1g vibrations by Giarola 

et al.,107 yet in our spectra it still occurs when neither A1g nor B1g first-order peaks are present. 

In Fig. 41 (II), the dashed black line is the phase background spectrum of Fig. 41 (I), the 

thin blue lines are the pseudo-Voigt functions, the green and orange lines are the modeled phase 

background bands, the dashed red line is the sum of the three bands and the gray line is the new 

residual spectrum. The bulk anatase background spectrum as well as the sum of the modeled 

phase background are shifted by 500 units and the pseudo-Voigt functions as well as the 

corresponding bands are shifted by 100 units on the intensity axis. 

The positions of our first-order scattering spectra are generally different from the 

reference spectrum.126 We therefore adapt the positions of the phase background bands 

corresponding to the neighboring first-order peaks. The fit parameters are the height ratios of 

the bands, one variable for the width of all bands and one for the total height of the spectrum. 

Fig. 41 (III) shows the decomposition of a measured Raman spectrum of a strongly 

crystallized TiO2 anatase thin film (black) after the subtraction of the substrate spectrum and 

the spectrum of the amorphous phase into the modeled anatase first-order scattering (green) and 

anatase background (light green) spectra. The dashed red line is the sum of both anatase spectra 

(fit), the gray line is the residual spectrum and the transparent brown area is excluded (below 

130 cm-1) or fitted with less priority (above 1000 cm-1). The measured and fit spectra are shifted 

by 300, the modeled first-order spectrum by 200, and the anatase background spectrum by 100 

units on the intensity axis. 
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3.1.4.4.3 Simplified models for phase backgrounds 

In the samples with more than one crystalline phase, the number of parameters should be 

reduced. Rutile and brookite are present in our films to only a small degree (< 20%) and their 

models are simplified as compared to anatase. The rutile background model was derived the 

same way as shown for anatase and agrees well with a study of Nicola et al.129 In the fitting 

routine, the widths of the bands are kept constant. The model for the complex phase brookite is 

more simplified: in the fitting routine, the brookite background spectrum of Fig. 40 is added to 

the total modeled spectrum with a linear factor. The total intensities of the simplified phase 

background models depend on the ratios of the crystalline phases in the first-order scattering 

models. Thus, the simplified phase background models have no own fitting parameters and are 

indirectly manipulated by the fit parameters of the first-order scattering fitting routine. 

3.1.5 Models for substrate spectra 

Raman measurements of thin films often are superimposed by the spectra of the substrate 

onto which they are coated. Depending on the substrate, two kinds of issues have to be met: 

difficulties occur 1) when sharp Raman peaks of substrates are orders of magnitude more 

intense than the spectra of the thin films or 2) when substrates show strong luminescence in 

addition to their Raman spectra. Both types of substrates need an individual approach. Si wafers 

are an example for non-luminescent substrates with strong and sharp peaks, while B270 (crown 

glass) and fused silica are examples for substrates that feature Raman active modes as well as 

luminescence. 

The Raman spectrum of a certain substrate depends on structural properties, such as local 

chemical composition (vacancies, doping) or variations in bonding angles; as well as on the 

experimental setup, such as laser intensity, focus, wavelength, irradiation time, grit or an offset. 

The structural properties and the laser focus may vary not only from substrate to substrate, but 

also between measurements on the same sample. That is why building a model for substrates 

has to be a compromise between flexibility and robustness. On the one hand, the model for a 

substrate should interfere as little as possible with the fitting routines of the film, and, on the 

other hand, the complexity of the substrate’s spectrum has to be taken into account. 

For variations in the experimental setup such as laser wavelength, laser power, irradiation 

time, or the choice of the grit, it is necessary to prepare individual models by repeating the 

procedure presented here. 
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3.1.5.1 Substrates with strong and sharp Raman peaks 

We demonstrate means for fitting Raman spectra of thin films that are superimposed with 

strong Si wafer substrate spectra over a wide range covering most of the TiO2 anatase and rutile 

Raman peaks. This is realized by excluding ranges from the fit, in which the substrate’s Raman 

signals are either very sharp or orders of magnitudes more intense than the spectrum of the thin 

film. 

The model for non-luminescent substrates with strong and sharp Raman peaks consists 

of a set of reference spectra. We measured five different Si wafers and varied the focus of the 

laser on the fifth Si wafer to produce a range of reference spectra for the generation of a modeled 

Si Raman spectrum. The measured Si spectra are shown in Fig. 42 (I). That range of spectra 

has to be considered in the fitting procedure. 

 

Fig. 42: (I) Spectra of five individual Si wafers and a variation of the laser focus on wafer 5; (II) measured 

Raman spectrum of a sixth Si substrate (black), modeled by seven reference spectra of five reference 

substrates with varying laser focus. The excluded range is light red and the low priority range is light 

brown. 
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The main fitting routine is straightforward: each of the seven reference spectra is added 

to the whole spectrum with a fitting factor and can additionally be shifted on the wavenumber 

axis by ± 1 cm-1. However, the peak around 300 cm-1 is very sharp, the first-order peak at 

520.7 cm-1 is orders of magnitudes more intense than the other peaks, and there is heavy 

variance in the height of the band between 900 cm-1 and 1050 cm-1. These are factors that cause 

artefacts that corrupt the whole fitting routine. The least square method would rather minimize 

these artefacts than provide a setting for a fitting of the film spectrum. To meet these 

requirements, the spectral ranges in which these artefacts occur are excluded from the fitting 

procedure. Fig. 42 (II) shows a successful fit to a measured Si substrate by the described 

procedure with excluded ranges of 100 cm-1 – 130 cm-1, 285 cm-1 – 315 cm-1, 460 cm-1 – 

575 cm-1, and 910 cm-1 – 1045 cm-1. The Si peak at 520.7 cm-1 is cut off in both graphs of Fig. 

42. In Fig. 42 (II), one can see that also the residual spectrum of the fit exceeds the graph and 

thus all Si peaks of the measured spectrum. The variation of these peaks in the reference spectra 

and the fit to the measured sixths spectrum that are cut off in Fig. 42 (I) and (II) are shown in 

Fig. 43 (I) and (II). The error of the modeled peak is more than one third of the measured 

intensity, while the residual spectrum is nearly zero in all non-excluded ranges. This 

demonstrates the benefit of excluding ranges within the fit. Without excluding these ranges, the 

fit as shown in Fig. 60 would not be realizable, because the error in these ranges (especially 

around 520.7 cm-1) is enormous as compared to the spectral features of the TiO2 thin film. 
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Fig. 43: (I) Variation of the Si peak around 520 cm-1 of the spectra shown in Fig. 42; (II) measured and 

modeled (‘fit’) Si peak around 520.7 cm-1, which was excluded from the fit, of the spectrum shown in Fig. 

42 (II) – the error of the modeled peak is more than one third of the measured intensity. 

3.1.5.2 Models for luminescent substrates 

For substrates that show Raman scattering as well as luminescence, both vary 

independently of each other from sample to sample or depending on the experimental setup. 

Further aspects that affect the relative intensities of a substrate’s measured Raman and 

luminescence spectrum are the properties of the thin films that are coated onto the substrate – 

such as the degree of crystallinity or electrical and optical properties, which influence the 

absorption behavior of the film. This becomes evident in our work with electron beam 

evaporated Nb-doped and undoped TiO2 films, which will be published later. 

Thus, the main procedure for obtaining a model for luminescent substrates is to split the 

substrate’s spectrum into a luminescence background and Raman active modes. In order to 

obtain the Raman active modes, the luminescence background has to be stripped off the 

spectrum. The often-complex shapes of the Raman bands make it difficult to differentiate 
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between both. We use a standard routine to deconvolute the reference substrate spectra by 

modeling the luminescence background with a polynomial function, assuming that between 

certain Raman bands there are spectral ranges in which the Raman signal is zero or close to 

zero. This assumption agrees with works on silica-based glass substrates in literature.130–136 

Seuthe et al. discuss the deconvolution of Raman bands and their physical origins for silica 

glass samples with varying composition.134,135 

In detail, the luminescence spectra were obtained as follows. Fig. 44 (I) shows the spectra 

of four individual B270 glass samples (gray). At fixed wavenumbers where there are local 

minima of the bands, we take the intensity of the spectra as function values of polynomial 

functions that lie below the measured spectra (blue lines). The base points for the functions are 

at 250 cm-1, 730 cm-1, 845 cm-1, and 1015 cm-1. Then, these functions are treated as the reference 

luminescence spectra of our model. The spectra that remain after subtracting the luminescence 

from the measured spectra are what we consider as the Raman active bands (green lines). 
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Fig. 44: (I) Decomposition of measured B270 glass substrate spectra into luminescence and Raman active 

modes. (II) Measured (black) and modeled (red) Raman spectra of a B270 glass substrate composed by 

luminescence (light blue) and Raman bands (blue). The vertical dotted lines mark the base points of the 

luminescence spectrum, where the Raman spectrum is zero, and they separate the spectral ranges to be 

fitted individually. The excluded range is light red and the low priority range is light brown. 

The described approach to discriminate between Raman bands and luminescence of 

substrates is often implemented into standard Raman evaluation software. However, such a 

direct decomposition of the substrate spectra into Raman active bands and luminescence spectra 

within thin film Raman spectra is not possible, because there are no base points where a 

polynomial function for the luminescence could be anchored. Our approach to overcome this 

problem is to treat the four luminescence spectra that were obtained by the decomposition of 

the reference measurements as reference luminescence spectra, which are added to the fit with 

one fitting factor for intensity, each. Thus, there is no polynomial function applied in the fitting 

of the spectra of thin films on luminescent substrates, but the aforementioned reference spectra. 
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This approach is possible because all spectra, including all sub-spectra of the thin films are 

fitted simultaneously. 

Again, we use versions with varying complexity of the model for luminescent substrates. 

We use a simple model which is less accurate but a reasonable choice for modelling spectra of 

mixed-phase films, and a more flexible model which treats certain Raman bands of the substrate 

individually. The last one is more suitable for films that consist of only one crystalline phase 

(plus amorphous content) and results in clearer spectra. Furthermore, the flexible model permits 

to compensate a variation of the thin film’s absorption. 

3.1.5.2.1 Simple model for luminescent substrates 

When modelling the measured spectrum of a substrate, the spectrum is built up in two 

steps. The luminescence background is the sum of the four reference luminescence spectra 

which are each multiplied by a fitting factor. The substrate’s Raman bands are treated in the 

same way. 

3.1.5.2.2 Individual-band model for luminescent substrates 

The individual-band model for luminescent substrates treats the Raman bands 

individually. Therefore, the spectrum of the substrate Raman bands are split into five bands. 

This approach allows to model the measured spectrum of a new substrate without considerable 

inaccuracy as we will demonstrate below.  

As a compromise between accuracy and robustness, the shapes of the Raman bands are 

not modeled in a way that take into account the physical properties that affect the individual 

modes but are manipulated in a more simplified way. We split the spectra of the Raman bands, 

shown as green lines in Fig. 44 (I) into the spectral ranges that lie between the minima. The 

limits of these intervals are at the same wavenumbers as the base points used for obtaining the 

polynomial functions for the luminescence spectra, and are shown as vertical lines in Fig. 

44 (II). 

The height of the five bands in these intervals can be individually adjusted by a factor (in 

our case between 0.8 and 1.2). Additionally, the spectrum can be slightly shifted on the spectral 

axis by ± 1 cm-1 to compensate an offset. 

By this combination of four individual luminescence backgrounds and four footprints 

with adjustment factors for the five spectral ranges, a Raman spectrum of a further glass sample 

can be successfully modeled without significant deviations. This is demonstrated in Fig. 44 (II), 

which shows a measured spectrum of a B270 glass sample (black), a modeled luminescence 

spectrum (light blue), the modeled Raman bands (dark blue) and the sum of both, which is the 
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simulated spectrum of the glass (dashed red line). The residual spectrum, the difference between 

the measured and the modeled spectrum (dark gray), is nearly zero for the whole spectrum 

below 1000 cm-1 and only weak inaccuracies are visible above the main fit interval. While the 

adjustment factors for the five spectral ranges work well with films containing mainly one phase 

(this will be presented in a forthcoming paper), there are too many fit parameters for mixed-

phase films. Omitting these factors result in inaccuracy of the fit in Fig. 61. at 550 cm-1. 

We used the same procedure to build a model for fused silica as a further luminescent 

substrate in order to assess the reproducibility of the procedure with another substrate material. 

We measured and decomposed four spectra of fused silica substrates into luminescence and 

Raman bands, shown in Fig. 45 (I). 

 

Fig. 45: (I) Decomposition of measured fused silica substrate spectra (gray) into luminescence (blue) and 

Raman bands (green); the measured and luminescence spectra are shifted by 100 units on the intensity 

axis. (II) Measured (black) and modeled (red) Raman spectra of fused silica substrate composed by 

luminescence (light blue) and Raman bands (blue). The vertical dotted lines mark the base points of the 

luminescence spectrum, where the Raman spectrum is zero, and they separate the spectral ranges to be 
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fitted individually. The measured, fit, and luminescence spectra are shifted by 60 units on the intensity 

axis. 

Then we modeled a fit to a fifth measured fused silica substrate with a combination of the 

reference luminescence spectra and the Raman band with almost zero background, as shown in 

Fig. 45 (II). This model is applied to the fit in Fig. 62. 

3.1.6 Conclusions 

The most noticeable aspect of our work is to demonstrate a model that allows a 

simultaneous decomposition of a measured thin film Raman spectrum over a wide range into 

various components arising from thin film and substrate. The model for thin films considers 

mixed-phase, amorphous content, first-order Raman scattering and additional bands of each 

phase. Concerning substrate models, there is a distinction between luminescence and Raman 

activity of the substrate or an exclusion of ranges in which the substrate Raman features are 

either sharp or orders of magnitude more intense than the thin film spectrum. 

We described an approach for designing least squares models for a complete 

decomposition of measured TiO2 thin film Raman spectra into their components using the 

solver plugin of the widely available spreadsheet Microsoft Excel. The spectra are split into 

substrate signals and thin film signals. The thin film signals are separated into an amorphous 

spectrum and spectra for the crystalline phases: anatase, rutile, and brookite. All crystalline 

spectra are furthermore split into first-order scattering and a phase background (covering 

second-order scattering and disorder-induced scattering). The many fit parameters are handled 

reasonably by introducing physically based limits. We successfully fitted model spectra to 

Raman measurements of TiO2 thin films prepared by e-beam evaporation and sputtering 

containing mixtures of varying amorphous, anatase, rutile, and brookite contents on the 

substrates Si, fused silica and B270 crown glass. 

We assume that the described procedure for building fit models is also applicable to other 

materials or mixture of materials on further substrates, but this has to be proven experimentally. 

Limitations of the model are accuracy in the simultaneous fit of luminescence, crystalline phase 

backgrounds, and the amorphous content. When this model gets applied to other materials 

further limitations can occur caused by films which are highly fluorescing, dark in color or 

contain materials with low Raman cross-section, such as metals or with mono-atomic ions.  On 

the one hand, the models must be flexible enough to cover the complexity of the involved 

spectra, but on the other hand, one must prevent the models to interference with each other. The 

choice of appropriate simplifications and simultaneous modeling of all components are the key 
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factors to both issues. The result provides separated spectra suitable for individual qualitative 

characterization and for quantification of the composition. The correlation of the decomposition 

of the Raman spectra with the decomposition of X-ray diffractograms will be discussed in 

forthcoming chapters.  
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3.2 Models for the simulation of Raman spectra 

In this chapter, we describe adjustable models for the simulation of TiO2 thin film Raman 

spectra on various substrates. The models consist of fit parameters which are to be manipulated 

by the solver plugin in Microsoft Excel, linked parameters that are depending on certain fit 

parameters and fixed parameters which are not manipulated during the fitting routine. We used 

Excel for the calculations because it is widely used, but the models can also be implemented in 

other programs, such as Python. The main concepts of the fitting routine are presented and 

discussed in chapter 3.1, which was published in the Journal of Raman spectroscopy.1 In the 

following, we will often refer to this chapter/publication. 

We have built the models with rigid and flexible options for different fitting purposes. 

The rigid models are used for simulating highly complex spectra or spectra with a low signal-

to-noise ratio, while the models are more flexible for simpler (yet still complex) spectra with a 

high signal-to-noise ratio. The mathematical ideas behind the models are given and the fit 

parameters of each model are described and listed in tables. The white columns of the tables 

sum up the main fit parameters of the models while the gray columns show additional fit 

parameters for more flexible fitting or further parameters, such as for Nb-doped films. This 

chapter is structured into an overview on the concept of the Raman fitting model, followed by 

the description of the models of the TiO2 phases and the models for various substrates. 

3.2.1 Main concept of the thin film Raman fitting model 

The main concept of the thin film Raman fitting model is a general model that should be 

applicable to all kinds of thin film Raman spectra: the full Raman spectrum consists of a 

spectrum of the thin film and a spectrum of the substrate. The thin film spectrum may contain 

crystalline as well as amorphous contents and the substrate spectra contain Raman bands and/or 

a luminescence background spectrum. An overview of the concept is shown in a flowchart in 

Fig. 46. 

 

Fig. 46: Overview of the thin film Raman fitting model. 
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3.2.2 Raman models for TiO2 thin films 

The TiO2 models include amorphous TiO2 as well as the crystalline TiO2 phases, anatase, 

brookite, and rutile. The models for the crystalline phases differentiate between first-order 

Raman scattering and phase background for each phase. 

3.2.2.1 Amorphous TiO2 model 

The Raman spectrum of the amorphous TiO2 phase is fitted by multiplying a reference 

spectrum of amorphous TiO2, with a fit parameter INb0. For Nb-doped films, also the spectra of 

Nb-doped amorphous Ti0.92O2.25Nb0.08 and Ti0.84O2.25Nb0.16 thin films are added with fit 

parameters INb1 and INb2. An overview about the fit parameters is given in Table 5. 

Table 5: Fit parameters of the amorphous phase model 

The reference spectrum of the amorphous TiO2 thin film was derived by performing 

Raman spectroscopy of 1) an e-beam evaporated amorphous TiO2 thin film on a B270 glass 

substrate and 2) the blank backside of the glass sample. The Raman spectrum of the substrate 

backside was multiplied by a certain factor and stripped from the first Raman spectrum. The 

factor was varied until the remaining spectrum did not contain visible Raman features of the 

second (pure glass) spectrum. Reference spectra of amorphous Ti0.92O2.25Nb0.08 and 

Ti0.84O2.25Nb0.16 thin films were derived in the same way. 

The (normalized) reference spectra for amorphous TiO2, Ti0.92O2.25Nb0.08, 

Ti0.84O2.25Nb0.16 thin films are shown in Fig. S2. One can see that the intensity of the the spectra 

of amorphous TiO2 shows a plateau below 650 cm-1, a strong decrease for values up to 700 cm-1, 

followed by a rather straight slope down to zero intensity at around 1100 cm-1. For the Nb-

doped films, the plateau is below and the slope is above that of the spectrum of undoped TiO2. 

3.2.2.2 Models for crystalline phases 

For TiO2 thin films, the crystalline phases are anatase, brookite, and rutile. The total 

spectrum of the crystalline phases is the sum of the spectra of each individual phase. The spectra 

of each phase are fitted individually and consist of first-order Raman scattering and a phase 

Fit parameters Description 

INb0 
for undoped TiO2 films: 

Intensity of amorphous TiO2 reference spectrum  

INb0, INb1, INb2 

for Nb-doped TiO2 films: 

Intensity factors for reference spectra of amorphous TiO2, 

Ti0.92O2.25Nb0.08, Ti0.84O2.25Nb0.16 
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background (which contains second-order scattering and disorder-induced scattering). These 

aspects are summed up in the flowchart of the crystalline phases model as in Fig. 47. 

 

Fig. 47: Flowchart of the crystalline phases model. 

The first-order models for anatase, brookite, and rutile are described below, followed by 

the models for the phase backgrounds of each phase. 

3.2.2.3 First-order scattering models 

We use first-order Raman scattering models with varying amount of simplification 

depending on the complexity of the spectra to be fitted. As described in chapter 3.1.4.3, the 

first-order scattering peaks of all Raman active modes are represented as asymmetric Lorentzian 

functions. The four parameters peak position x0 on the wavenumber axis, the peak height A, and 

the peak widths on the left-side Δxl and on the right-side Δxl, are used to simulate the spectral 

intensity I of the first-order Raman peaks. The mathematical expression in equation (42) (in 

chapter 3.1.4.3) is assigned to each wavenumber in the sheet for each peak. The parameters of 

such a peak are depicted in Fig. S3. For the fitting routine, minimum and maximum values are 

defined for each of the four peak parameters. The start positions of the simulated Raman modes 

are taken from literature.8,73,76 

A model with asymmetric Lorentzian peaks is used solely for spectra that contain only 

one crystalline phase (in our case anatase) and an amorphous content. When we simulate spectra 

of multiphase films which contain more than traces (< 1%) of two or more crystalline phases 

(anatase plus brookite and/or rutile), the spectra become more complex and a fit of asymmetric 

peaks is not feasible anymore and the formula of (42) is simplified to: 

 𝐼 =
𝐴

1+(
𝑥−𝑥0
∆x

)
2, (43) 

Phases which are present only as traces are fitted by adding a reference spectrum 

multiplied with a fitting factor for the intensity. The individual models are described below. 
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3.2.2.3.1 First-order scattering model of anatase 

The first-order scattering model of anatase consists of five or six peaks (as described in 

chapter 3.1.4) each with a position x0i, an amplitude Ai(an), and an half-width Δxi(an) (or two half-

widths, Δxi,l(an) and Δxi,r(an)) and has 12 or 16 fit parameters, depending on the complexity of the 

film’s Raman spectrum. The Raman active modes Eg(1) (144 cm-1), Eg(2) (196 cm-1), B1g 

(399 cm-1), and Eg(3) (639 cm-1) are modeled by asymmetric Lorentzian peaks using equation 

(42). The A1g and B1g peaks at around 513 cm-1 and 519 cm-1 are modeled as one peak which 

we call an A1g/B1g doublet peak. The peak asymmetry is omitted for multi-phase TiO2 films 

using equation (43). The fit parameters of the first-order scattering model of anatase are listed 

and described in Table 6 (with i = Eg(1), Eg(3), B1g(1), A1g/B1g). 

Table 6: Fit parameters of the first-order scattering model of anatase 

The parameters of the weak Eg(2) peak around 196 cm-1 are excluded from the solver 

calculation. Its peak widths on the left-side and right side Δxl,Eg(2)(an) and Δxr,Eg(2)(an) are linked 

to the peak widths of the Eg(1) peak. The relations of the two linked parameters are defined in 

equations (44) and (45) in Table 7. 

Table 7: Linked parameters of the first-order scattering model of anatase 

3.2.2.3.2 First-order scattering model of rutile 

Rutile occurs only in multi-phase Raman spectra in this work and it is never the main 

phase. Taking this into account, the first-order scattering model of rutile is simplified by 

reducing the number of fit parameters. In the first place, this is done by omitting peak 

asymmetry. Thus, the four Raman active modes (Eg, B1g, A1g, B2g) are modeled by 

Lorentzian functions using equation (43). Furthermore, certain parameters are linked or fixed 

to standard values. 

Fit parameters Description 

x0i(an), Ai(an), Δxi(an) 
Eg(1), B1g, A1g/B1g, Eg(3): 

peak position, amplitude, half-width 

Δxi,l(an)/Δxi,r(an) 
for single-phase anatase films only: 

ratio of left-side and right-side half-width 

Linked parameters Description 

Δxl,Eg(2)(an), Δxr,Eg(2)(an) 
Δxl,Eg(2)(an) = 1.1 × Δxl,Eg(1)(an) (44) 

Δxr,Eg(2)(an) = 1.1 × Δxr,Eg(1)(an) (45) 
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With these simplifications, the first-order scattering model of rutile has four fit 

parameters: peak position x0,Eg(ru), height AEg(ru) and half-width ΔxEg(ru) of the Eg mode around 

447 cm-1, as well as the peak position x0,A1g(ru) of the A1g mode around 612 cm-1 (see Table 8). 

Table 8: Fit parameters of the first-order scattering model of rutile 

The peak heights AA1g(ru), AB1g(ru), AB2g(ru) and widths ΔxA1g(ru), ΔxB1g(ru), ΔxB2g(ru) of the 

A1g, B1g, and B2g modes are linked to the peak height AEg(ru) and width ΔxEg(ru) of the Eg mode 

as defined in the equations (46) to (51) in Table 9. 

Table 9: Linked parameters of the first-order scattering model of rutile 

The positions of the weak B1g and B2g peaks, x0,B1g(ru) and x0,B2g(ru), are fixed to the 

standard positions at 143 cm-1 and 626 cm-1, respectively (Table 10).76 

Table 10: Fixed parameters of the first-order scattering model of rutile 

If there are only traces of rutile present, the peak positions of the Eg and the A1g peaks 

are fixed to the standard values 447 cm-1 and 612 cm-1, and the Eg peak width is set to a certain 

value a priori by hand and excluded from the automated fitting routine. This strict simplification 

leaves only one fit parameter (AEg) for the automated fitting routine of the rutile first-order 

Raman spectrum. 

Fit parameters Description 

x0,Eg(ru), AEg(ru), ΔxEg(ru) 
Eg: 

position, height, and half-width 

x0,A1g(ru) 
A1g: 

position 

Linked parameters Description 

AA1g(ru) AA1g(ru) = AEg(ru) (46) 

ΔxA1g(ru) ΔxA1g(ru) = ΔxEg(ru) (47) 

AB1g(ru) AB1g(ru) = 0.08 × AEg(ru) (48) 

ΔxB1g(ru) ΔxB1g(ru) = 0.1 × AEg(ru) (49) 

AB1g(ru) AB1g(ru) = 0.03 × AEg(ru) (50) 

ΔxB1g(ru) ΔxB1g(ru) = 1.5 × ΔxEg(ru) (51) 

Fixed parameters Description 

x0,B1g(ru) 

x0,B2g(ru) 

143 cm-1 (standard position) 

826 cm-1 (standard position) 
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3.2.2.3.3 First-order scattering model of brookite 

Brookite, like rutile, also occurs only in multi-phase Raman spectra in this work and is 

never the main phase. Furthermore, it is the phase with the most complex Raman spectra. Thus, 

the first-order Raman scattering model of brookite has strong simplifications.  

The model is fitted automatically by varying a prepared set of Lorentzian peaks using 

only one to five fit parameters, depending on the intensity of the brookite spectra. The 

parameters A(br) and Δx(br) are global factors which are multiplied with the heights and widths 

of each Lorentzian peak of the model (Table 11). 

Table 11: Fit parameters of the first-order scattering model of brookite 

In general, the peak positions are fixed – witch a few exceptions. If more than traces are 

present, the position x0,A1g(br) of the most intense A1g peak around 155 cm-1 is a fit parameter. 

For strong brookite spectra, the individual height ratios hi,200-350 and peak positions xi,200-350 of 

the most intense peaks in the range from 200 cm-1 to 350 cm-1 are adjusted by hand. The various 

individual fixed ratios of the peak parameters are not discussed in detail. 

Table 12: Fixed parameters of the first-order scattering model of brookite 

Instead, we describe how the model was developed for both laser wavelengths (532 nm 

and 633 nm) used for the experimental Raman spectra in this work. The model for simulating 

532 nm laser Raman spectra was derived by fitting a set of Lorentzian peaks to a reference 

spectrum of brookite (RRUFF ID R050591) taken with a 532 nm laser, as shown in Fig. 49 

Fit parameters Description 

A(br) multiplied with the height of each Lorentzian peak 

Δx(br) 
multiplied with the width of each Lorentzian peak 

(excluded if traces of brookite are present only) 

x0,A1g(br) 
position of the A1g peak around 155 cm-1 

(excluded if traces of brookite are present only) 

Fixed parameters Description 

hi,200-350 
for strong spectra: 

height ratios (of the most intense peaks between 200  cm-1 

and 350 cm-1), fitted manually 

xi,200-350 

for strong spectra: 

Peak positions (of the most intense peaks between 200  cm-1 

and 350 cm-1), fitted manually 
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(medium green line). We could not find a reference Raman spectrum for a 633 nm laser but a 

780 nm reference spectrum (medium red line in Fig. 49 in chapter 3.2.2.4.2) was available for 

the same sample of the 532 nm spectrum.125 Another set of Lorentzian peaks was fitted to the 

780 nm Raman spectrum. The model for the 633 nm laser Raman spectrum was derived by 

averaging each parameter of the both sets of Lorentzian peaks from the 532 nm and the 780 nm 

model. 

If traces of brookite are present only, the global peak width factor Δx(br) is set to a certain 

value a priori by hand and excluded from the automated fitting routine. This strict simplification 

leaves only one fit parameter (A) for the automated fitting routine of the brookite first-order 

Raman spectrum. 

3.2.2.4 Models for phase background spectra 

In chapters 3.1.4.2 and 3.1.4.4, we discuss the nature of the “phase backgrounds” 

occurring in Raman spectra of crystalline phases. We built individual models for the phase 

backgrounds of anatase, brookite, and rutile. While the anatase background model has three or 

more fit parameters that change the shape and intensity of the model spectrum (see chapter 

3.2.2.4.1), the background spectra of the weaker phases, brookite and rutile, have no fit 

parameters that are manipulated directly by the fitting routine. Instead, the intensities of the 

brookite background spectrum Ibg(br) and the rutile background spectrum Ibg(ru) are linked to the 

intensity of the anatase background spectrum Ibg(an) as well as to the intensity ratios of the first-

order Raman spectra of brookite and anatase I1st-order(br)/I1st-order(an), and of rutile and anatase 

I1st-order(ru)/I1st-order(an). The intensities of the first-order spectra (I1st-order(an), I1st-order(br), and 

I1st-order(ru)), result from the area under the spectra that are modeled in chapters 3.2.2.3.1 to 

3.2.2.3.3. The phase-background intensity of anatase (Ibg(an)) results from the area under the 

spectrum that is modeled in chapter 3.2.2.4.1. 

The intensities of the brookite and rutile background spectra are shown in the equations 

(52) and (53) in Table 13 as functions of the intensity of the anatase phase background spectrum 

and the intensity ratios of first-order Raman spectra. The background of rutile is described to 

be high in intensity in literature – even higher than the first-order spectrum.73 Thus, the intensity 

of the rutile phase background is multiplied by an arbitrary factor of 2 in equation (53). The 

factor might be inaccurate, but the spectra analyzed in this work do not provide enough 

information on the rutile phase background.  
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Table 13: Linked parameters of the phase background spectra 

3.2.2.4.1 Crystalline background of anatase 

The anatase phase background model for a certain laser wavelength consists of 12 peaks 

expressed by asymmetric Pseudo-Voigt functions. A Pseudo-Voigt function approximates the 

Voigt function and is the combination of a Lorentzian and a Gaussian function. Equation (54) 

shows the intensity of a peak simulated with this function, where I is the total intensity, IL the 

intensity of a Lorentzian function, IL the intensity of a Gaussian function, and η a number 

between 0 and 1: 

 𝐼 = η ∙ I𝐿 + (η − 1) ∙ I𝐺 , with 0 < η < 1. (54) 

An asymmetric peak is then simulated by equations (55) and (56): 

 𝐼 = A(∙ η ∙ (
1

1+(
𝑥−𝑥0
∆𝑥𝑙

)
2)+ (η − 1) ∙ (𝑒𝑥𝑝 [−ln (2) ∙ (

𝑥−𝑥0

∆𝑥𝑙
)])) for 𝑥 ≤ 𝑥0, (55) 

 𝐼 = A(∙ η ∙ (
1

1+(
𝑥−𝑥0
∆𝑥𝑟

)
2) + (η − 1) ∙ (𝑒𝑥𝑝 [−ln (2) ∙ (

𝑥−𝑥0

∆𝑥𝑟
)])) for 𝑥 ≥ 𝑥0. (56) 

This provides the intensity at a certain wavenumber x with the peak position x0 on the 

wavenumber axis, the peak height A, and the peak widths on the left-side Δxl and on the right-

side Δxl. The fit parameters of the anatase phase background model are listed in Table 14.  

Linked parameters Description 

I𝑏𝑔(𝑏𝑟) I𝑏𝑔(𝑏𝑟) = 1 ∙ I𝑏𝑔(𝑎𝑛) ∙ (
I1𝑠𝑡−𝑜𝑟𝑑𝑒𝑟(𝑏𝑟)

I1𝑠𝑡−𝑜𝑟𝑑𝑒𝑟(𝑎𝑛)
) (52) 

I𝑏𝑔(𝑟𝑢) I𝑏𝑔(𝑟𝑢) = 2 ∙ I𝑏𝑔(𝑎𝑛) ∙ (
I1𝑠𝑡−𝑜𝑟𝑑𝑒𝑟(𝑟𝑢)

I1𝑠𝑡−𝑜𝑟𝑑𝑒𝑟(𝑎𝑛)
) (53) 
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Table 14: Fit parameters of the anatase phase background model 

Anatase background models were built for the wavelengths 532 nm and 780 nm. A 

detailed description on the preparation of these models is given in chapter 3.1.4.4.1. Thus, in 

this chapter, there is only a summary: we subdivide a raw reference anatase Raman spectrum 

(RRUFF-ID R070582) into a first-order and a phase background spectrum. Therefore, the first-

order peaks are fitted by hand and we interpret the remaining spectrum as the anatase phase 

background spectrum. The reference raw anatase Raman spectra for the wavelengths 532 nm 

and 780 nm (light green and light red lines) and the corresponding anatase phase background 

spectra (dark green and dark red lines) are shown in Fig. 48. 

Fit parameters Description 

Ianbg532, Ianbg780 
multiplied with the height of each Pseudo-Voigt peak of the 

532 nm or the 780 nm background model 

wanbg 
multiplied with the width of each Pseudo-Voigt peak 

values: 0.5 < Ianbg1, Ianbg3 < 2 

Ianbg,a, Ianbg,c 

for single-phase anatase films only: 

multiplied with the heights of the peaks that are components 

of the bands a and c 

values: 0.8 < Ianbg1, Ianbg3 < 1.2 

wanbg,a, wanbg,c 

for single-phase anatase films only: 

multiplied with the widths of the peaks that are components 

of the bands a and c 

values: 0.8 < Ianbg1, Ianbg3 < 1.2 

x0,930, h930, Δx930 

optional, for single-phase anatase films only: 

position, height, and width of a Pseudo-Voigt (η = 0.5) peak 

around 930 cm-1 

x0,Nb, hNb, ΔxNb 

for Nb-doped TiO2 films: 

position, height, and width of a broad Gaussian peak between 

700  cm-1 and 850 cm-1 
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Fig. 48: Literature raw anatase Raman spectra (RRUFF-ID R070582)126 produced with a 532 nm (light 

green line) and a 780 nm (light red line) laser and the corresponding phase backgrounds in dark green 

and dark red. The phase backgrounds are obtained in our work from the remaining spectra after fitting 

first-order Raman peaks to the reference spectra. 

The anatase phase backgrounds for 633 nm and 532 nm lasers are fitted by a set of 11 

Pseudo-Voigt functions each and are grouped to three bands (a, b, c), which is exemplarily 

shown for the 780 nm anatase phase background in Fig. 41 (II) in chapter 3.1.4.4.1. The bands 

are located around 300 cm-1, 530 cm-1, and 800 cm-1 (the bands are discussed in chapter 

3.1.4.4.2). In the fitting routine, the peak positions xanbg,i of the peaks corresponding to the bands 

are shifted according to the peak shifts of the neighboring first-order Raman peaks that are fitted 

in the first-order anatase Raman scattering model (see Table 15). In the model for the simulation 

of 633 nm Raman spectra, both model spectra are added with a certain factors Ianbg532 and Ianbg780 

that are multiplied with all peak heights in the models. In the fitting routine, the widths of these 

peaks can be globally changed by multiplying all widths with the fit parameter wanbg. The model 

for anatase phase backgrounds have these three fit parameters for multi-phase films. 

Table 15: Linked parameters of the anatase phase background model 

We use five more fit parameters for the spectra of films that consist of only anatase and 

amorphous TiO2 to make the model more flexible. In this case, the heights and widths of the 

three bands a, b, and c are treated individually to a certain extent. The heights and widths of the 

Linked parameter Description 

xanbg,i 

Positions of the Pseudo-Voigt peaks, linked to the peak shifts 

of the neighboring first-order Raman peaks that are fitted in 

the first-order anatase Raman scattering model 
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peaks corresponding to the bands a and c are multiplied by the factors Ianbg,a resp. Ianbg,c as well 

as  wanbg,a resp. wanbg,c with lower and upper limits of 0.8 and 1.2. 

A further band can be found around 930 cm-1 in the spectra of anatase TiO2 films of this 

work. A band around 918 cm-1 was found by Zeng et al. in undoped TiO2 in Raman spectra 

measured with a 473 nm laser.29 This band is simulated by a Pseudo-Voigt peak with η = 0.5 

using the fit parameters position x0,930, height h930, and width Δx930. The same applies to a broad 

band occurring in the spectra of Nb-doped TiO2 anatase films, which is simulated by a Gaussian 

function with fit parameters for position x0,Nb, height hNb, and width ΔxNb. 

3.2.2.4.2 Crystalline background of brookite 

Reference brookite Raman spectra of a 532 nm and a 780 nm laser are available on the 

RRUFF database as raw and processed spectra.125 The processed spectra consist of a first-order 

Raman spectrum while the raw spectra contain also a background which we interpret as the 

phase background of brookite. The raw reference spectra of the 532 nm and a 780 nm laser are 

shown as a light green and a light red line in Fig. 49 (shifted by 800 units on the intensity axis). 

The corresponding processed reference spectra are shown as a medium green and a medium red 

line. For both laser wavelengths, we built an individual phase background model spectrum by 

subtracting the processed spectra from the raw spectra. The resulting spectra were smoothed by 

averaging the Raman intensity values of adjacent wavenumbers and are used as the brookite 

background spectra for a 532 nm and a 780 nm laser in our model (dark green and a dark red 

line, shifted by 800 units on the intensity axis). For the simulation of spectra taken with a 633 nm 

laser, a new spectrum was generated by taking half of the sum of the 532 nm and 780 nm spectra. 

[Note: Fig. 40 already depicts the 780 nm spectra1, but they are shown here again together with 

the 532 nm spectra for clearer presentation.] 
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Fig. 49: Literature raw brookite Raman spectra (RRUFF-ID R050591)125 produced with a 532 nm (light 

green line) and a 780 nm (light red line) laser, the corresponding literature ‘processed’ spectra125 in 

medium green and red as well as the corresponding smoothed phase backgrounds in dark green and dark 

red (raw and processed spectra are shifted by 800 on the intensity axis). The phase background signals are 

obtained in our work from the remaining spectra after fitting first-order Raman peaks to the reference 

spectra.  

3.2.2.4.3 Crystalline background of rutile 

The rutile phase background Raman spectrum was derived analogously to the anatase 

phase background spectrum. We fitted Lorentzian-peaks for the first-order Raman active modes 

of rutile to the spectrum by hand until artifacts in the remaining spectrum around the center of 

the peaks were minimized. The reference spectrum was taken with a 514.5 nm laser and can be 

found at the Handbook of Raman spectra of the Laboratoire de Géologie, Ecole normale 

supérieure de Lyon.137 Here, only one wavelength was available. Fig. 50 shows the reference 

spectrum in light blue, the fitted first-order spectrum in medium blue, and the residual rutile 

phase background spectrum. 
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Fig. 50: Rutile reference spectrum (light blue)137, rutile phase background (dark blue), both shifted by 100 

on the intensity axis; and rutile first-order Raman spectrum (blue). The phase background is obtained in 

our work from the remaining spectrum after fitting first-order Raman peaks to the reference spectrum. 

3.2.3 Raman models for substrate spectra 

The TiO2 thin films analyzed in this work are coated onto three different substrates: Si 

wafers, B270 glass (crown glass), and fused silica. Fig. 51 shows the Raman spectra of TiO2 

thin films coated simultaneously by diode sputtering onto Si, B270, and fused silica. The left 

blue intensity-axis is for the spectra of TiO2 on B270 glass and on fused silica and the right red 

axis is for the spectrum of TiO2 on Si. We assign the substrates to two categories: substrates 

with sharp and intense peaks on the one hand and luminescent substrates on the other hand. Si 

is a substrate that has intense peaks that are either orders of magnitudes higher (sharp peak at 

520.7 cm-1) or in the same order of magnitude (bands around 300 cm-1 and 950 cm-1) than the 

most intense TiO2 peak. B270 glass and fused silica belong to the luminescent substrates, which 

show both, Raman activity as well as luminescence. For these substrates, the luminescence is 

broad and the intensity of the Raman bands is in the order of magnitude of the weak Raman 

modes of TiO2 thin film. The models for both types of substrates are described below. 
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Fig. 51: Raman spectra (produced in this work) of TiO2 thin films that were simultaneously coated on Si, 

B270 crown glass, and fused silica in the master’s thesis of M.Sc. Jingyi Shi.  

3.2.3.1 Si substrate model 

The model for Si substrates has four to seven fit parameters depending on the complexity 

of the TiO2 thin film. We measured reference spectra of four individual Si wafers using a 

633 nm laser. In the fitting routine, these four reference spectra are added to the total spectrum 

with a factor ISi1, ISi2, ISi3, or ISi4 each. For spectra of TiO2 films on Si that contain anatase as the 

only crystalline phase (plus an amorphous content), three more reference spectra are added with 

the factors ISi5-, ISi5, or ISi5+. These spectra were prepared by measuring a fifth Si wafer in-focus 

and out-of-focus (in positive and negative z-direction perpendicular to the sample surface). The 

fit parameters are shown in Table 16. 

Table 16: Fit parameters of the anatase phase background model 

The wavenumber ranges where the Si peaks are strong (285 cm-1 to 315 cm-1, 460 cm-1 to 

575 cm-1, and 910 cm-1 to 1045 cm-1) are excluded from the fit. For further information see the 

discussion of Fig. P2 and Fig. S5 in chapter 3.1.5.1. A model for the simulation of 532 nm Si 

spectra was prepared analogously. 

Fit parameters Description 

ISi1, ISi2, ISi3, ISi4 
multiplied with the measured reference spectra of 4 

individual Si wafers 

ISi5-, ISi5, ISi5+ 

for anatase single phase films only: 

multiplied with 3 reference spectra of a Si wafer with varying 

laser focus 
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3.2.3.2 Models for luminescent substrates 

The model for luminescent substrates has 8 fit parameters. The model consists of the 

spectra of four individual substrates, which we split into a Raman spectrum and a luminescence 

background, each. The preparation of the spectra is explained in the discussion of Fig. P3 and 

Fig. S6 in chapter 3.1.5.2. There are four factors (IB270R-1, IB270R-2, IB270R-3, IB270R-4) that are 

multiplied with the corresponding Raman reference spectra and four factors (IB270l-1, IB270l-2, 

IB270l-3, IB270l-4) which are multiplied with the corresponding reference luminescence spectra. 

For single-phase films (that consist of an anatase and an amorphous content only) a fit 

parameter ΔxB270R is introduced, which shifts the substrate Raman spectrum by values up to 

±1 cm-1 on the wavenumber-axis. The fit parameters are listed in Table 17. For spectra with a 

high signal-to-noise ratio, the intensities of the individual Raman bands are adjusted by factors 

between 0.8 and 1.2 (not listed). Four such models were prepared individually: for 532 nm and 

633 nm Raman spectra of B270 glass as well as fused silica substrates. 

Table 17: Fit parameters of the B270 glass model 

  

Fit parameters Description 

IB270l-1, IB270l-2, 

IB270l-3, IB270l-4 

multiplied with the prepared luminescence reference spectra 

of 4 individual B270 glass samples 

IB270R-1, IB270R-2, 

IB270R-3, IB270R-4 

multiplied with the prepared reference Raman spectra of 4 

individual B270 glass samples 

ΔxB270R 

for anatase single phase films only: 

shift of the B270 glass Raman spectrum on the wavenumber-

axis by ±1 cm-1 
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3.3 Models for the simulation of X-ray diffractograms 

In this chapter, we describe adjustable models for the simulation of TiO2 thin film X-ray 

diffractograms. We used the models for the simulation of TiO2 thin film coated onto B270 glass 

as well as for fused silica substrates in the range from 2θ = 22° – 87° in chapters 4, 5, and 6. 

The diffractograms to be fitted contain signals from crystalline phases and from amorphous 

structures of the TiO2 thin films as well as from the substrates. An instrument background – 

and the substrate-holder in θ-θ geometry – are further sources of signals contributing to a 

measured diffractogram. 

In order to analyze the crystalline phases qualitatively or to quantify the various TiO2 

phases within a diffractogram, the measured diffractograms are decomposed into several 

components by models which are simultaneously fitted to the measured diffractogram by a least 

squares method. The mathematics behind the fitting routine is done by the solver plugin in 

Microsoft Excel and is similar to the routine described in chapters 3.1.3 and 3.2. The models 

were developed for two geometries (θ-θ and grazing incidence θ-2θ geometry) analogously. In 

general, θ-θ geometry provides more reliable information on texture while grazing incidence 

θ-2θ geometry has a considerably higher signal-to-noise ratio, especially when thin films are 

measured. 

All models were built by analyzing two sets of films. The first set consists of undoped 

and Nb-doped TiO2 anatase thin films on B270 glass and fused silica substrates that were 

prepared by e-beam evaporation by Dipl.-Phys.Ing. Martin Jerman in the optical workshop at 

the University of Duisburg-Essen and post-heated in this dissertation in the thin film technology 

group. The second set consists of multi-phase TiO2 thin films that were prepared by RF 

magnetron sputtering during the master’s thesis Strukturelle und optische Eigenschaften von 

RF-Dioden-gesputterten TiO2-Schichten der Dicke von 2 bis 200 nm by M.Sc. Jingyi Shi (2015) 

as well as in the current work in the thin film technology group at the University of Duisburg-

Essen. 

3.3.1 Main concept of the thin film XRD fitting model 

The XRD fitting model consists of models for a TiO2 thin film, a B270 substrate, and an 

instrument background (plus a substrate holder in θ-θ geometry). The diffractogram of the TiO2 

thin film is furthermore decomposed into: an amorphous phase diffractogram and 

diffractograms for the crystalline phases: anatase, brookite, and rutile. 

An overview of this thin film XRD fitting model is shown in a flowchart in Fig. 52. 
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Fig. 52: Overview of the thin film XRD fitting model. The X-ray diffractogram is decomposed into a thin 

film and a background. The thin film is divided into diffractograms of crystalline phases and an 

amorphous phase, and the background is divided into diffractograms of the substrate and an instrument 

background (plus a substrate holder when measured in θ-θ geometry). 

Fig. 53 shows an example of a measured grazing incidence θ-2θ X-ray diffractogram of 

an anatase TiO2 thin film on a B270 glass substrate and the sub-diffractograms that do not 

contribute to the TiO2 thin film diffractogram. Depicted are the diffractogram of a measured 

TiO2 thin film on a B270 glass substrate (black), the fit (dashed red), the diffractograms of the 

substrate (light blue), of the instrument background (dashed blue), and the residual 

diffractogram (gray) after fitting. The anatase diffractogram (not shown) was fitted by the XRD 

model for single-phase anatase (see chapter 3.3.3.1). 

 

Fig. 53: Example of a measured X-ray diffractogram of an anatase TiO2 thin film on a B270 glass 

substrate prepared by e-beam evaporation in the optical workshop at the University of Duisburg-Essen: 

(black), the fit (dashed red), the diffractograms of the substrate (light blue), of the instrument background 

(dashed blue), and the residual diffractogram (gray). The anatase diffractogram that contributes to the fit 

is not shown. 
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3.3.2 XRD model for the amorphous TiO2 phase  

The amorphous TiO2 phase XRD model consists of two experimental reference 

diffractograms and three bands. We derived the ‘reference’ diffractograms of the amorphous 

TiO2 thin films analogously to the models for amorphous Raman reference spectra (see chapters 

3.1.4.1 and 3.2.2.1). Therefore, we measured X-ray diffractograms of e-beam evaporated 

undoped and Nb-doped amorphous TiO2 thin films on B270 glass substrates and diffractograms 

on the blank backsides of the corresponding substrates. The film of the first diffractogram was 

coated at a substrate temperature of 250 °C. The diffractogram of the substrate backside was 

used as a substrate reference diffractogram that was multiplied by a certain factor and stripped 

from the diffractogram of the coated side of the sample. The factor was varied until the 

remaining diffractogram did not contain visible features of the pure glass diffractogram. 

Analogously, a second reference diffractogram was produced for an amorphous Nb-doped TiO2 

film that was post-heated at 350 °C. Both reference diffractograms are shown in Fig. 54. 

 

Fig. 54: Reference diffractograms of amorphous TiO2 samples prepared by e-beam evaporation in the 

optical workshop at the University of Duisburg-Essen and additional bands modeled by the XRD model of 

amorphous TiO2. 

In the amorphous TiO2 phase XRD model, both diffractograms are added to the total 

diffractogram after multiplying it with the parameter Iam250 or Iam350. As one can see in Fig. 54, 

the characteristics of the diffractograms of amorphous TiO2 differ more than the Raman spectra 

of amorphous TiO2 (cf. Fig. 38). The main differences of the two are a broad band between 

2θ = 60° – 90° which occurs in the diffractogram of the as-deposited TiO2 film and a broad 

increase of intensity to smaller diffraction angels in diffractogram of the Nb-doped TiO2 film 

(post-heated at 350 °C). 
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The diffractograms of the amorphous phase in the films analyzed in the work differ from 

both diffractograms. Therefore, three bands are added to this model (see Fig. 54). Band 1 lies 

in the range 2θ = 22° – 38°. It was derived from the difference-diffractograms of a further Nb-

doped TiO2 thin film on B270 glass post-heated at 500 °C (not shown) and of the above-

mentioned second diffractogram of the Nb-doped TiO2 film that was post-heated at 350 °C. 

Band 2 is a Gaussian peak that is modeled with the fit parameters (left and right) half-widths 

Δxl,am2 and Δxr,am2 > 3°, a peak position 40° < x0am2 < 55°, and a peak height Aam2. Band 3 is 

copied from the reference diffractogram of the as-deposited TiO2 film (250 °C) in the range 

2θ = 60° – 90°. Band 1 and 3 are added to the model after multiplying the band 1 and band 3 

diffractograms with the parameters Iam1 or Iam3. The discussed fit parameters are listed in Table 

18. 

Table 18: Fit parameters of the amorphous TiO2 phase XRD model  

3.3.3 XRD models of crystalline phases 

The adjustable model diffractograms used for simulating the crystalline TiO2 phases are 

of varying simplifications depending on the complexity of the diffractogram to be simulated. 

Anatase and rutile are simulated by manipulating Lorentzian functions for each individual peak 

while brookite is simulated by reference diffractograms which are manipulated by global 

parameters. All XRD peaks of anatase and rutile are fitted by asymmetric Lorentzian peaks. 

Equations (57) and (58) are used to simulate each XRD peak as a doublet that considers the 

splitting of the Cu Kα line into Cu Kα1 and Cu Kα2 emission: 
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for 𝑥 ≤ 𝑥0, (57) 

Fit parameters Description 

Iam250, Iam350 

multiplied with the reference diffractograms of the 

amorphous films coated at 250 °C as-deposited or post-

heated at 350 °C 

Iam1 multiplied with the intensity of band 1 at θ = 20° – 30° 

x0am2 , Aam2, Δxl,am2, Δxr,am2 
position, height, and widths (left & right) of band 2 (Gaussian 

peak) at θ = 40° – 55° 

Iam1 multiplied with the intensity band 3 at θ = 60° – 90° 
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for 𝑥 ≥ 𝑥0. (58) 

with the diffraction angle x and the four peak parameters amplitude A, peak position x0, 

and half-widths Δxl and Δxr, an intensity ratio of 100/51 and a wavelength ratio of 

1.54433/1.54041 the Cu Kα1 and Cu Kα2 emission.138 Each peak parameter is corrected by 

polynomial functions which are based on measurements that we performed on LaB6 660 a 

standard reference powder individually for both geometries. Therefore, the peak positions, 

heights, and half-widths (left and right) were fitted to the LaB6 diffractograms. The fit results 

of the LaB6 diffractograms are used for the polynomial correction of the measured 

diffractograms in our studies. In the fitting routine, the corrected peaks are then fitted to the 

measured diffractograms. Single phase anatase films are simulated by adjusting each peak 

parameter separately while the peaks of anatase and rutile are simulated by global parameters. 

3.3.3.1 XRD model for single-phase anatase  

In the XRD model for single-phase anatase each peak parameter is fitted separately. This 

model was used for fitting measured diffractograms of e-Beam evaporated TiO2 thin films. 

Table 19 shows the fit parameters used for each diffraction peak. 

Table 19: Fit parameters for each individual peak of the single-phase anatase XRD model 

For the three series of experiments of undoped and Nb-doped films each peak was fitted 

individually for the most crystalline films post-heated at 640 °C and 750 °C. The ratios of the 

peak widths between the weakest and the neighboring stronger peaks were kept constant for 

each experimental series and used for the films post-heated at lower temperatures. 

3.3.3.2 XRD models for multi-phase anatase and rutile 

For multi-phase TiO2 films, the models for anatase and rutile are simplified as compared 

to the single-phase anatase XRD model. Here, the models for both phases are analogous. Before 

fitting, the peak positions and intensity ratios are set to the values of standard powder anatase 

or rutile. The peak positions are calculated according to the fit parameters, a(an), c(an), or a(ru), 

c(ru), which are the lattice parameters of anatase and rutile. The height and width of the (101) 

anatase peak and (110) rutile peak are fitted by one parameter each A(101)(an), Δx(101)(an) or 

Fit parameters Description 

x0i(an), Ai(an), Δxi,l(an), Δxi,r(an) peak position, amplitude, half-width (left & right) 
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A(110)(ru), Δx(110)(ru). These peaks are at the lowest diffraction angle of the corresponding phase 

and are the most intense for powder samples. Another parameter, Δx(x)(an) or Δx(x)(ru), is for peak 

broadening with increasing diffraction angle. A parameter for simulating texture is ΔA(c)(an) or 

ΔA(c)(ru) which increases the height of the (hkl) peaks with increasing l²/(h²+k²). This simulates 

the preference (ΔA(c) > 1) or suppression (ΔA(c) < 1) of c-oriented grains. The parameters are 

listed in Table 20. 

Table 20: Fit parameters of the multi-phase anatase and rutile XRD models 

3.3.3.3 XRD models for minor-phase brookite 

In this work, brookite is weakly present in a small number of diffractograms. Brookite 

diffractograms have a high number of peaks. Considering both aspects, the brookite XRD 

model is kept simple. That is why the model of this phase is rather mathematical than physical. 

The brookite model was designed by manipulating a reference diffractogram found in the 

RRUFF database.125 The square root of the intensity was taken at each diffraction angle in order 

to build an artificial second reference diffractogram in which the peak heights of the weaker 

peaks are relatively higher. The second model aims at taking relative peak heights into account 

that do not match with powder diffractograms, which might be caused for example by texture. 

Both reference diffractograms are shown in Fig. 55 normalized to a maximum intensity of 

1000 cps as a black and a gray line. The reference diffractograms are multiplied with a fit factor 

each, Ibr(lit.) or Ibr(mod.), and then summed to the brookite model diffractogram. This brookite 

model diffractogram is shifted on the 2θ-axis by the fit parameter Δd. A global factor wbr 

simulates peak broadening by adding multiple copies of the simulated brookite model 

diffractogram to a certain amount in the range of plus and minus 0.2° on the 2θ-axis. The 

manipulation of the width is adjusted a priori by hand. The fit parameters are listed in Table 21 

 

Fit parameters Description 

a(an), c(an), 

a(ru), c(ru), 

lattice parameters a and c of anatase or rutile 

A(101)(an), Δx(101)(an), 

A(110)(ru), Δx(110)(ru) 

anatase (101) height & width  

rutile (110) height & width 

Δx(θ)(an),  

Δx(θ)(ru) 

parameters for varying anatase or rutile peak widths with 

increasing diffraction angle 

ΔA(c)(an) 

ΔA(c)(ru) 

parameters for varying anatase or rutile (hkl) peak heights of 

c-oriented reflections with increasing l 
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Table 21. 

 

Table 21: Fit parameters of the minor-phase brookite XRD model 

Examples of simulated brookite diffractograms with broad and narrow peaks are shown 

in Fig. 55 as a dark green and a medium green line (shifted by 1000 cps). This model is not 

suitable for modeling precise brookite diffractograms but is used for the quantification of the 

brookite content only. Anyway, the measured diffractograms do not contain adequate brookite 

features to be fitted. In this work, qualitative analysis of the brookite diffractograms is done by 

manually measuring the peak widths of the strongest peaks by hand independently of this 

model. 

 

Fig. 55: Brookite diffractograms: examples of a broad (dark green) and a narrow (medium green) 

modeled diffractogram (shifted by 1000 on the intensity axis), a literature diffractogram (black)125 and a 

modification (done in the current work) of the literature diffractogram normalized to 1000 intensity units. 

3.3.4 XRD models for substrates and background  

There are two or three fit parameters for the diffractograms of the substrates and 

background signals model depending on the geometry of the diffraction scan. In both 

Fit parameters Description 

Ibr(lit.), Ibr(mod.) 
multiplied with the literature diffractogram or the artificial 

reference diffractogram 

Δd 

parameter for shifting the modeled diffractogram along the 

diffraction axis 

wbr 

parameter for varying the widths in the modeled brookite 

diffractogram 

(adjusted a priori by hand) 
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geometries used in this work (grazing incidence θ-2θ and θ-θ geometry), an instrument 

background and the substrate contribute to the measured diffractograms. In diffractograms 

measured in θ-θ geometry, also signals for the substrate holder are present. 

The instrument background depends on various parameters used in the experiments, such 

as the choice of the X-ray source, the detector, divergence slits, collimators, and the geometry 

of the experimental setup. A reference instrument background was measured after dislocating 

the sample and the sample-holder from the X-ray beam. We furthermore measured reference 

substrate diffractograms of uncoated B270 glass, fused silica (‘quartz’), and Si wafers 

individually for each of both geometries. A reference diffractogram of a self-made substrate 

holder was measured in θ-θ geometry. The corresponding diffractograms are shown in Fig. 56. 

 

Fig. 56: X-ray diffractograms of a B270 glass substrate in grazing incidence θ-2θ geometry (dark blue) and 

in θ-θ geometry (light blue), of a fused silica substrate in grazing incidence θ-2θ geometry (dark green) and 

in θ-θ geometry (light green), a self-made low-background holder in θ-θ geometry (black), and the 

instrument background (gray). 

For the simulation of diffractograms in both geometries, the reference instrument-

background diffractogram and the reference substrate diffractogram are added to the total 

diffractogram by multiplying the corresponding reference diffractograms with the factors 

Iinstr.bg, and Isub(θ-2θ) or Isub(θ-θ). Additionally, for the simulation of θ-θ gonio diffractograms, the 

substrate holder reference diffractogram is added with the factor Iholder. The fit parameters are 

listed in Table 22.  
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Table 22: Fit parameters for the substrate and background XRD models 

Fit parameters Description 

Iinstr.bg, Isub(θ-2θ) 

multiplied with reference diffractograms of: 

- the instrument background 

- the substrate in grazing incidence θ-2θ geometry 

(model for grazing incidence θ-2θ geometry) 

Iinstr.bg, Isub(θ-θ), 

Iholder 

multiplied with reference diffractogram of: 

- the instrument background 

- the substrate in θ-θ geometry 

- substrate holder in θ-θ geometry 

(model for θ-θ geometry) 
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4 Decomposed X-ray diffractograms and Raman spectra 

In the following, we demonstrate measured X-ray diffractograms and Raman spectra of 

TiO2 thin films on B270 glass, fused silica and Si wafers decomposed into several components 

arising from the thin films, the substrates, and from experimental backgrounds. The thin film 

diffractograms and spectra are subdivided into contributions from anatase, brookite, rutile, and 

amorphous TiO2. For the decomposition, we simulate adjustable models of X-ray 

diffractograms and Raman spectra and fit them to the measured X-ray diffractograms and 

Raman spectra as developed in chapter 3. 

We decomposed X-ray diffractograms measured in grazing incidence θ-2θ as well as in 

θ-θ geometry. In this chapter we focus on the grazing incidence θ-2θ diffractograms. They were 

used for the quantification of the TiO2 phases because they do not show signals arising from 

the substrate holder and they have a significantly higher signal-to-noise ratio than the θ-θ 

diffractograms. An example of a θ-θ diffractograms is shown in the appendices in Fig. 168. It 

shows the diffractogram of a Ti0.84O2.25Nb0.16 film on B270 glass containing strong substrate 

holder signals. 

The measurements and decompositions of X-ray diffractograms and Raman spectra were 

performed on two set of samples: rf-diode sputtered films and films prepared by reactive e-beam 

evaporation. The sputtered films are multi-phase TiO2 and the evaporated films are – partly 

amorphous – anatase films that contain traces of brookite and rutile. A further decomposed 

Raman spectrum of the best conducting rf-magnetron sputtered film (placed 12.5 mm 

horizontally from the Nb wire coated with a target oxidation of 68%) is shown in Fig. 169 in 

the appendices. 

The preparation of the thin films is described in chapter 2.1 and measurement details are 

described in chapter 2.2. Quantitative analysis on the individual Raman spectra X-ray 

diffractograms can be found in chapter 5, and qualitative analysis in chapter 6. 

The decomposition of the PEM rf-magnetron sputtered films are performed analogously 

and not shown here. Instead, the resulting TiO2 thin film spectra are directly presented in Fig. 

124 in chapter 6.1.3.3. 

4.1 Decomposed X-ray diffractograms and Raman spectra of rf-diode sputtered multi-

phase TiO2 films 

In this chapter, we demonstrate the decomposition of measured diffractograms and 

measured Raman spectra (using 532 nm and 633 nm laser excitation) of multi-phase TiO2 thin 

films that were rf-diode sputter coated onto B270 glass at various substrate temperatures. The 
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deposition parameters are given in chapter 2.1.1. The diffractogram and Raman spectra of the 

sample deposited at a substrate temperature of 310 °C are discussed in detail. This sample was 

chosen because it showed the most distinct brookite signals in the X-ray diffractogram. The 

Raman spectra and X-ray diffractograms are evaluated quantitatively in chapter 5.2 and 

qualitatively in chapter 6.1.1. 

Raman spectra of TiO2 thin films deposited at a substrate temperature of 415 °C are 

chosen to demonstrate the decomposition of multi-phase TiO2 Raman spectra on various 

substrates because they show the most pronounced multi-phase TiO2 Raman spectra. These 

spectra are quantitatively evaluated in chapter 5.3. 

4.1.1 Decomposed multi-phase TiO2 X-ray diffractograms 

The X-ray diffractograms are decomposed into sub-diffractograms represented by 

adjustable model diffractograms including anatase, rutile, brookite, amorphous TiO2, substrate, 

and instrument background. Adjustable model spectra were fitted simultaneously to the 

experimental diffractograms, with good results. The models used are described in chapter 3.3. 

The diffractograms of anatase and rutile are decomposed by the multi-phase model as described 

in chapter 3.3.3.2, in which the (hkl) peak positions are modeled by the lattice parameters, a 

and c, as the only adjustable parameters. LaB6 correction (see chapter 2.2.3) is implemented 

into the fitting routine. The X-ray diffractograms were measured in grazing incidence θ-2θ 

geometry with a constant incident angle of 7°. This geometry provides a higher signal-to-noise 

ratio for thin films than the symmetrical gonio geometry, which is more suitable for the analysis 

of texture. The decomposition of an X-ray diffractogram of a TiO2 thin film on a B270 crown 

glass substrate deposited at 310 °C is shown in Fig. 57. 



 

118 

 

 

Fig. 57: Decomposition of a measured X-ray diffractogram of a rf-sputter coated TiO2 thin film on a B270 

crown glass substrate deposited at 310 °C (black) into a background (light blue) and the thin film (dark 

red). The background is split into the B270 substrate (medium blue) and an instrument background 

(dashed dark blue). The film is further decomposed into anatase (green), brookite (orange), rutile (blue), 

and amorphous TiO2 (medium gray). The residual diffractogram is light gray and the fit of the modeled 

diffractogram to the measured one is the dashed red line. Peak positions of standard powder are added as 

light and the modeled peak positions are added as vertical lines. The graphs are shifted on the intensity 

axis (indicated by dotted baselines) as described in the text. 

The measured diffractogram (black line) is split into a background (light blue) and a TiO2 

thin film diffractogram (dark red). The background diffractogram is composed of an instrument 

background (dashed blue) and a B270 substrate diffractogram (dark blue). The TiO2 thin film 

diffractogram is composed of anatase (green), brookite (orange), rutile (blue), and amorphous 

TiO2 (gray) diffractograms. The fit (dashed red line) is the sum of all sub-diffractograms, and 

the residual diffractogram (light gray) is the difference diffractogram of the measured 

diffractogram and the fit. The standard peak positions of the crystalline phases are indicated as 
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light vertical lines and the fitted positions as dark vertical lines (both after LaB6 correction). 

For brookite, only the most intense peaks of powder diffractograms are indicated. The TiO2 

sub- diffractograms are each shifted in steps of 25 000 counts, and the measured diffractogram, 

the fit, and the background diffractograms are shifted by 150 000 counts on the XRD intensity 

Axis. The decomposed diffractograms of the films deposited with the substrates temperatures 

155 °C, 200 °C, 275 °C, and 415 °C can be found in the appendices in (Fig. 170 to Fig. 173). 

The model XRD diffractograms could be fitted to the measured diffractograms with a low 

residual signal. Anatase, rutile and amorphous TiO2 is detected in all diffractograms. The 

diffractograms of anatase and rutile are well distinguishable. Certain individual peak positions, 

such as the anatase (004) peak at 2θ = 37°, the anatase (200) peak at 2θ = 48°, or the peaks in 

the range of diffraction angles of 2θ > 60°, do not fit well with the measured diffractograms. 

This trend increases with increasing deposition temperature and thus with increasing anatase 

and brookite content in the films (see chapter 5.2). For further analysis of the lattice, they have 

to be corrected by hand after the fitting routine. The discrepancies are most likely not an artefact 

of poor LaB6 peak position correction, because the peak positions of the multi-phase model fit 

well for an e-beam coated TiO2 anatase thin film with an undistorted lattice (see chapter 4.2.1). 

We suppose that the peak shifts are caused by asymmetric lattice distortion. This is not 

implemented into the models. There measured diffractograms of the films also differ in the 

range of 2θ = 60° – 70°. Here, the measured diffractograms of the films deposited at 310 °C 

and 415 °C have a plateau between the peaks, which could be caused by an inhomogeneous 

distribution of phase boundaries or an indication of texture. 

Brookite is found in the diffractograms of the samples deposited at 310 °C and 415 °C 

(see Fig. 173 in the appendices), but is not detected in the diffractograms deposited at 155 °C, 

200 °C, and 275 °C (see Fig. 170, Fig. 171, and Fig. 172). In the diffractogram of the film 

deposited at 310 °C, there is a considerable and sharp peak at 55°, which can be attributed to 

brookite, but most brookite peaks are not visible. In the diffractograms of the film deposited at 

415 °C, only traces of brookite can be found with a few visible peaks with intensities that are 

close to the photon shot noise. The findings imply that the sensitivity of XRD to brookite is low 

as compared to Raman spectroscopy, where we found brookite signals in the spectra of all 

samples (see chapter 4.1.2). A similar result was found for partially crystallized TiO2 anatase 

thin films that contain traces of brookite (see chapter 4.2.2). The sensitivities to the various 

TiO2 phases are analyzed in the chapter 5.2 and 5.4 for both sets of TiO2 films. The brookite 

(210) peak at 2θ = 25.4°, which is the most intense peak of brookite powder diffractograms, is 

superimposed by the anatase (101) peak, which is the most intense peak of anatase powder 
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diffractograms. Anyway, the position of the second strongest brookite peak (211), at 2θ = 30.8°, 

is not superimposed by any anatase or rutile peak. Yet, XRD is ill suited for the detection of 

small brookite amounts in TiO2 diffractograms because of the low signal-to-noise ratio caused 

by the low intensity of brookite. 

4.1.2 Decomposed multi-phase TiO2 633 nm and 532 nm Raman spectra 

The Raman spectra are decomposed into sub-spectra represented by adjustable model 

spectra that are discussed in chapter 3.1 and defined in chapter 3.2. Fig. 58 and Fig. 59 show 

the decomposition of a 633 nm Raman spectrum and, respectively, a 532 nm Raman spectrum 

of a TiO2 thin film on a B270 crown glass substrate deposited at 310 °C. The decomposed 

Raman spectra of the films deposited with the substrates temperatures 155 °C, 200 °C, 275 °C, 

and 415 °C can be found in the appendices in Fig. 174 to Fig. 177 (633 nm laser) and in Fig. 

178 to Fig. 181 (532 nm laser). The Raman spectra measured with the 532 nm laser has a higher 

relative amount of photon shot noise because it was measured for 100 s while the spectra taken 

with the 633 nm laser were iterated from measurements adding up to 14 641 s (see chapter 

2.2.1). 
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Fig. 58: Decomposition of a TiO2 film 633 nm Raman spectrum (on B270 deposited at 310 °C) into anatase, 

rutile, brookite, amorphous TiO2, substrate, and instrument background (intensity shift: see text). 

The measured Raman spectrum (black line) is decomposed into a B270 glass substrate 

spectrum (light blue) and a TiO2 thin film spectrum (dark red). The substrate spectrum is 

composed of a Raman footprint (dashed blue) and a luminescence spectrum (dark blue). The 

TiO2 thin film spectrum is split into spectra of anatase (green), brookite (orange), rutile (blue), 

and amorphous TiO2 (gray). The first-order Raman spectra of the crystalline phases are 

indicated as dashed black lines and the phase backgrounds are shown as gray lines. The fit 

(dashed red line) is the sum of all sub-spectra, and the residual spectrum (light gray) is the 

difference spectrum of the measured spectrum and the fit. The TiO2 sub-spectra are each shifted 

in steps of 25 counts (in Fig. 58) or 15 counts (in Fig. 59) and the measured spectrum, the fit, 

and the glass spectra are shifted by 175 counts (in Fig. 58) or 105 counts (in Fig. 59) on the 

Raman intensity axis. 
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Fig. 59: Decomposition of a TiO2 film 532 nm Raman spectrum (on B270 deposited at 310 °C) into anatase, 

rutile, brookite, amorphous TiO2, substrate, and instrument background (intensity shift: see text). 

Each of the TiO2 phases, anatase, rutile, brookite and amorphous TiO2 is visible in all 

Raman spectra. The most intense brookite Raman peak, A1g at 155 cm-1 is overlain by the 

anatase Eg(1) peak at 146 cm-1. Yet, the spectral range of the brookite Raman modes A1g at 

247 cm-1, B3g at 287 cm-1, B1g at 322 cm-1, and B2g at 364 cm-1 do overlay neither with the 

first-order Raman spectra of the other TiO2 phases nor with sharp features of the B270 glass 

footprints. As we will discuss in the chapter 5.2 and 5.4, Raman is highly sensitive to brookite. 

With the strong intensity of brookite, this constellation of peak positions makes Raman suitable 

for detecting small contents of brookite in TiO2 Raman spectra.  
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4.1.3 Decomposed TiO2 spectra on Si, crown glass, and fused silica 

[This chapter is part of a publication in the Journal of Raman Spectroscopy, Volume 49, Issue 

7, 1217-1229 (2018).]1 Copyright © 2018 John Wiley & Sons, Ltd. 

Fig. 60, Fig. 61, and Fig. 62 show measured Raman spectra of mixed-phase TiO2 thin 

films that were deposited onto Si, B270 glass, and fused silica, respectively, by rf-diode 

sputtering at the same time in one deposition process. Each of the three spectra are decomposed 

into substrate and thin film, and the film further into the various TiO2 phases. The transparent 

red areas are excluded from the fitting routine and the brown areas are fitted with low priority 

(10%). Each figure shows a measured (black) and modeled (dashed red) spectrum of mixed-

phase TiO2 thin film on the corresponding substrate decomposed into substrate (light blue) and 

thin film (dark red). The thin film is decomposed into anatase (green), brookite (orange), rutile 

(blue), and amorphous (dark gray) spectra. The crystalline spectra are divided into first-order 

scattering (black dashed lines) and phase background (light gray lines). In Fig. 61 and Fig. 62, 

the substrate spectrum is split into luminescence (mid blue) and Raman bands (dashed dark 

blue). 
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Fig. 60: Measured (black) and modeled (dashed red) Raman spectrum of an rf-diode sputtered mixed-

phase TiO2 thin film on a Si substrate decomposed into substrate (light blue) and thin film (dark red). The 

thin film is decomposed into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 (dark 

gray) spectra. The residual spectrum is medium gray. The crystalline spectra are divided into first-order 

scattering (black dashed lines) and phase background (light gray lines). The heights of the Si peak and the 

residual spectrum at 520.7 cm-1 are 21 000 and 10 000 Raman intensitxy units. The excluded ranges are 

light red and the low priority range is light brown. Intensity shifts are indicated by dotted lines. 

In Fig. 60, the fit is successful in the ranges that are not excluded from the fit. The huge 

error of the Si peak around 520.7 cm-1 clearly indicates that the exclusion of this peak from the 

fit is necessary to apply the fitting model to the spectrum. Also, the artefacts in the residual 

spectrum within the other excluded ranges (red) show that not omitting these ranges would 

corrupt the fit. 

The exclusion of the range around the sharp edge of the Si spectrum at 300 cm-1 does not 

strongly interfere with the amorphous thin film spectrum. However, the high number of 

excluded ranges hinder accuracy in the fitting of the amorphous spectrum. Furthermore, the 
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anatase A1g/B1g doublet around 517 cm-1 is completely overlain by the 520.7 cm-1 Si peak. For 

a quantification of the anatase content, we model the doublet with a fixed position at 517 cm-1 

and fixed width and height ratios between the doublet and the single B1g peak around 400 cm-1. 

After the subtraction of the substrate spectrum, the pure TiO2 thin film spectrum remains 

without strong artefacts of the Si spectrum in the non-excluded fit ranges. The peaks of the main 

phase, anatase, as well the strongest rutile peaks are clearly visible in the TiO2 thin film 

spectrum, and are fitted to the spectrum. 

 

Fig. 61: Measured (black) and modeled (dashed red) Raman spectrum of an rf-diode sputtered mixed-

phase TiO2 thin film on B270 glass decomposed into substrate (light blue) and thin film (dark red). The 

substrate spectrum is split into luminescence (mid blue) and Raman bands (dashed dark blue) and the 

thin film is decomposed into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 (dark 

gray) spectra. The residual spectrum is medium gray. The crystalline spectra are divided into first-order 

scattering (black dashed lines) and phase background (light gray lines). The excluded range is light red 

and the low priority range is light brown. Intensity shifts are indicated by dotted lines. 
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In Fig. 61 and Fig. 62, all four TiO2 phases that occur at ambient pressure contribute to 

the thin film spectrum. While anatase is also the main phase and the broad peaks around 

445 cm-1 and 611 cm-1 indicate the presence of rutile, the peaks at 247 cm-1, 325 cm-1, and 

364 cm-1 indicate the presence of brookite. 

 

Fig. 62: Measured (black) and modeled (dashed red) Raman spectrum of an rf-diode sputtered mixed-

phase TiO2 thin film on fused silica decomposed into substrate (light blue) and thin film (dark red). The 

substrate spectrum is split into luminescence (mid blue) and Raman bands (dashed dark blue) and the 

thin film is decomposed into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 (dark 

gray) spectra. The residual spectrum is medium gray. The crystalline spectra are divided into first-order 

scattering (black dashed lines) and phase background (light gray lines). The excluded range is light red 

and the low priority range is light brown. The spectra are shifted on the intensity axis as indicated by 

dotted lines. 

The content and characteristics of each TiO2 phase vary between the different substrates. 

The thin film spectrum on Si contains anatase and rutile while the thin films spectra on B270 

glass and on fused silica contain anatase, rutile, brookite, as well as amorphous spectra. The 
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amorphous content is strongest in the spectrum of the TiO2 thin film on fused silica. Interference 

of the phases’ spectra in mixed-phase spectra as well as the various simplifications of the 

models limit the precision of fitting the position and shapes of the Raman peaks for the minor 

phases. Furthermore, accuracy of the distinction between amorphous content, the substrate’s 

luminescence, and additional signals of the thin film are limited. The models for the substrates 

and the TiO2 phases are fitted to the measured spectra of TiO2 thin films on the substrates Si, 

B270 glass, and fused silica with nearly zero baseline in all non-excluded ranges.  
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4.2 Decomposed X-ray diffractograms and Raman spectra of e-beam evaporated 

anatase TiO2 films 

In this chapter, we demonstrate the decomposition of measured diffractograms and 

measured Raman spectra (using 633 nm laser excitation) of partly-amorphous anatase TiO2 thin 

films that were coated onto B270 glass (and fused silica) by reactive e-beam evaporation and 

post-heated at temperatures of 350 °C – 750 °C. The deposition parameters are given in chapter 

2.1.2. The films contain 0 at.%, 8 at.%, or 16 at.% of Nb and have the stoichiometries TiO2, 

Ti0.92O2.25Nb0.08, or Ti0.84O2.25Nb0.16. 

For the decompositions, we used the adjustable models for single-phase anatase films 

with individual peak fitting as described in the chapters 3.1.4.3, 3.2.2.3.1, and 3.3.3.1. The 

modeling procedure was successful for all samples and the simulated diffractograms and Raman 

spectra are fitted to the measurements with low residual signals. 

Exemplarily, we show the X-ray diffractograms and Raman spectra of the samples that 

cover the most interesting features of this study. These samples are an Ti0.92O2.25Nb0.08 film 

post-heated at 375 °C (showing initial crystallization of anatase), an undoped anatase TiO2 film 

post-heated at 420 °C (containing a small amount of brookite), and highly crystalline anatase 

TiO2, Ti0.92O2.25Nb0.08, and Ti0.84O2.25Nb0.16 films post-heated at 640 °C (highest temperature 

used for the films on B270 glass substrates). 

In the appendices, there is an example of a decomposed diffractogram and a decomposed 

Raman spectrum (633 nm) of a Ti0.92O2.25Nb0.08 film on fused silica post-heated at 750 °C, in 

Fig. 182 and Fig. 183, respectively. 

All anatase XRD and Raman peaks are visible in all films that are not fully amorphous 

(thus in all films that are post-heated at temperatures above 350 °C). Anatase first-order Raman 

peaks become wider and smaller in height with increasing Nb content and the intensity anatase 

phase background spectrum increases drastically with increasing Nb content. Both indicate 

disorder, which is most probably caused by Nb incorporation. Strong texture is found in the 

X-ray diffractograms of the undoped TiO2 films: the c-orientation is favored. In contrast, less 

texture is found in the Nb doped films (with slightly favored a-orientation, see chapter 6.1.1).  

Brookite peaks are present in the diffractograms and Raman spectra of the undoped 

samples, which disappear at higher temperatures. Though, brookite is more clearly visible in 

Raman than in XRD. Brookite is not visible in the diffractograms or Raman spectra of the 

undoped samples. 
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Traces of rutile are visible, and the intensity increases slightly with increasing temperature 

and decreasing Nb content. All diffractograms and Raman spectra contain a certain amount of 

contributions from the amorphous phase. 

Details on the apparent phase contents in the Raman spectra and X-ray diffractograms are 

discussed in chapter 5.4. We furthermore evaluate the fitted Raman and XRD peak parameters 

in chapter 6.1.2. 

4.2.1 Decomposed undoped and Nb-doped anatase TiO2 X-ray diffractograms 

The figures in this chapter show the decomposition of measured X-ray diffractograms of 

TiO2, Ti0.92O2.25Nb0.08, and Ti0.84O2.25Nb0.16 films (that were coated onto B270 glass using 

reactive e-beam evaporation post-heated at various temperatures). In each figure, the measured 

diffractogram is a black line and the modeled ‘fit’ diffractogram is a dashed red line that was 

fit to the measured one by simulating adjustable model diffractograms containing components 

from various origins. 

The fit diffractogram is the sum of these components and it is composed of a background 

(light blue) and a thin film (dark red) diffractogram. The background diffractogram is the sum 

of contributions from the B270 substrate (medium blue) and from an instrument background 

(dashed dark blue). The film diffractogram is composed of anatase (green), brookite (orange), 

rutile (blue), and amorphous TiO2 (dark gray). The residual diffractogram is medium gray. 
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Fig. 63: Measured (black) and modeled (dashed red) X-ray diffractogram of a titanium oxide thin film 

with 8 at.% Nb – e-beam evaporated onto a B270 crown glass substrate and post-heated at 375 °C – 

decomposed into a background (light blue) and a thin film (dark red). The background is split into the 

B270 substrate (medium blue) and an instrument background (dashed dark blue). The film is decomposed 

into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 (dark gray). The residual 

diffractogram is medium gray. The diffractograms are shifted on the intensity axis as indicated by dotted 

lines. 

Fig. 63 shows the diffractogram of an e-beam coated Ti0.92O2.25Nb0.08 film on B270 glass 

post-heated at 375 °C that contains anatase islands in an amorphous matrix (see chapter 7.2). 

The thin film diffractogram is composed of strong contributions arising from the amorphous 

phase as well as of anatase peaks with low intensity. Brookite or rutile are not detected. 
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Fig. 64: Measured (black) and modeled (dashed red) X-ray diffractogram of an undoped TiO2 thin film – 

e-beam evaporated onto a B270 crown glass substrate and post-heated at 420 °C – decomposed into a 

background (light blue) and a thin film (dark red). The background is split into the B270 substrate 

(medium blue) and an instrument background (dashed dark blue). The film is decomposed into anatase 

(green), brookite (orange), rutile (blue), and amorphous TiO2 (dark gray). The residual diffractogram is 

medium gray. The diffractograms are shifted on the intensity axis as indicated by dotted lines. 

Fig. 64 shows the diffractogram of an e-beam coated undoped TiO2 film that was coated 

onto B270 glass and post-heated at 420 °C. Here, anatase is the dominating phase and the 

signals from amorphous titanium oxide are smaller than in the Ti0.92O2.25Nb0.08 film (post-heated 

at 375 °C) shown in Fig. 63. Anatase peaks of c-oriented planes are favored. The peak of the 

(004) reflex at a diffraction angle of 37.8° for example superimposed its neighboring peaks, 

(103) at 36.9° and (112) at 38.5°, and its intensity is comparable to the (101) peak at 25.3°. 

Brookite is visible with low intensity and also traces of rutile are found (for details on brookite 

and rutile peaks see Fig. 92). 
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Fig. 65: Measured (black) and modeled (dashed red) X-ray diffractogram of an undoped TiO2 thin film – 

e-beam evaporated onto a B270 crown glass substrate and post-heated at 640 °C – decomposed into a 

background (light blue) and a thin film (dark red). The background is split into the B270 substrate 

(medium blue) and an instrument background (dashed dark blue). The film is decomposed into anatase 

(green), brookite (orange), rutile (blue), and amorphous TiO2 (dark gray). The residual diffractogram is 

medium gray. The diffractograms are shifted on the intensity axis as indicated by dotted lines. 

Fig. 65 shows the diffractogram of an e-beam coated undoped TiO2 film that was coated 

onto B270 glass and post-heated at 640 °C. The anatase peaks are stronger and the contribution 

of amorphous TiO2 to the measured diffractogram is weaker as compared to the TiO2 film post-

heated at 420 °C (shown in Fig. 64). Also, the anatase peaks of c-oriented planes are even more 

favored. Here, the peak intensity of the (004) reflex at a diffraction angle of 37.8° is even higher 

than the intensity of the (101) peak at 25.3°. 
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Fig. 66: Measured (black) and modeled (dashed red) X-ray diffractogram of a titanium oxide thin film 

with 8 at.% Nb – e-beam evaporated onto a B270 crown glass substrate and post-heated at 640 °C – 

decomposed into a background (light blue) and a thin film (dark red). The background is split into the 

B270 substrate (medium blue) and an instrument background (dashed dark blue). The film is decomposed 

into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 (dark gray). The residual 

diffractogram is medium gray. The diffractograms are shifted on the intensity axis as indicated by dotted 

lines. 

Fig. 66 shows the diffractogram of an e-beam coated Ti0.92O2.25Nb0.08 film that was coated 

onto B270 glass and post-heated at 640 °C. The overall anatase and amorphous TiO2 intensities 

are comparable to that of the undoped film post-heated at the same temperature (see Fig. 65). 

Yet, the peaks are narrower, and the ratios of the peak intensities are closer to that of standard 

anatase powder (see chapter 6.1.2). Brookite is not present and traces of rutile are modeled by 

the fitting routine, but cannot be confirmed by eye (cf. Fig. 93 in chapter 6.1.2). Thus, rutile is 

either not present or the intensity is so low that the intensity is close to the measurements noise. 
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Fig. 67: Measured (black) and modeled (dashed red) X-ray diffractogram of a titanium oxide thin film 

with 16 at.% Nb – e-beam evaporated onto a B270 crown glass substrate and post-heated at 640 °C – 

decomposed into a background (light blue) and a thin film (dark red). The background is split into the 

B270 substrate (medium blue) and an instrument background (dashed dark blue). The film is decomposed 

into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 (dark gray). The residual 

diffractogram is medium gray. The diffractograms are shifted on the intensity axis as indicated by dotted 

lines. 

Fig. 67 shows the diffractogram of an e-beam coated Ti0.84O2.25Nb0.16 film that was coated 

onto B270 glass and post-heated at 640 °C. The phase composition of the film is comparable to 

that of the Ti0.92O2.25Nb0.08 film post-heated at the same temperature (Fig. 66). Also, no crystal 

orientation is strongly preferred. 

4.2.2 Decomposed undoped and Nb-doped anatase TiO2 Raman spectra 

The figures in this chapter show the decomposition of measured Raman spectra (633 nm) 

of TiO2, Ti0.92O2.25Nb0.08, and Ti0.84O2.25Nb0.16 films (that were coated onto B270 glass using 
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reactive e-beam evaporation post-heated at various temperatures). In each figure, the measured 

Raman spectrum is a black line and the modeled ‘fit’ spectrum is a dashed red line that was fit 

to the measured one by simulating adjustable model spectrum containing components from 

various origins. 

The fit spectrum is the sum of these components and it is composed of a substrate 

spectrum (light blue) and a thin film (dark red) spectrum. The substrate spectrum is the sum of 

contributions from substrate’s luminescence (medium blue) and its Raman bands (dashed dark 

blue). The film spectrum is composed of anatase (green), brookite (orange), rutile (blue), and 

amorphous TiO2 (dark gray). The residual spectrum is medium gray.  

Fig. 63 shows the spectrum of a Ti0.92O2.25Nb0.08 film post-heated at 375 °C that contains 

anatase islands in an amorphous matrix (see chapter 7.2). The thin film spectrum is composed 

of strong contributions arising from the amorphous phase as well as of anatase peaks with low 

intensity. Brookite or rutile are not detected. 
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Fig. 68: Measured (black) and modeled (dashed red) Raman spectrum of an e-beam coated titanium oxide 

thin film doped with 8 at.% Nb on B270 glass post-heated at 375 °C – decomposed into substrate (light 

blue) and thin film (dark red). The substrate spectrum is split into luminescence (mid blue) and Raman 

bands (dashed dark blue) and the thin film is decomposed into anatase (green), brookite (orange), rutile 

(blue), and amorphous TiO2 (dark gray) spectra. The crystalline spectra are divided into first-order 

scattering (black dashed lines) and phase background (light gray lines). The excluded range is light red 

and the low priority range is light brown. Same sample as in Fig. 63. The spectra are shifted on the 

intensity axis as indicated by dotted lines. 

This is the Raman spectrum of a film that contains anatase islands in an amorphous matrix 

(see chapter 7.2). The thin film spectrum is composed of strong contributions arising from the 

amorphous phase as well as of anatase peaks with lower intensity. Brookite is not detected. 

Rutile is found to little or no amount. 
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Fig. 69: Measured (black) and modeled (dashed red) Raman spectrum of an e-beam coated undoped TiO2 

thin film on B270 glass post-heated at 420 °C – decomposed into substrate (light blue) and thin film (dark 

red). The substrate spectrum is split into luminescence (mid blue) and Raman bands (dashed dark blue) 

and the thin film is decomposed into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 

(dark gray) spectra. The crystalline spectra are divided into first-order scattering (black dashed lines) and 

phase background (light gray lines). The excluded range is light red and the low priority range is light 

brown. Same sample as in Fig. 64. The spectra are shifted on the intensity axis as indicated by dotted lines. 

Fig. 69 shows the Raman spectrum of an e-beam coated undoped TiO2 film that was 

coated onto B270 glass and post-heated at 420 °C. Anatase is the dominating phase and the 

signals from amorphous titanium oxide are smaller than in the Ti0.92O2.25Nb0.08 film (post-heated 

at 375 °C) shown in Fig. 68. Brookite is visible and its peaks between 200 cm-1 and 400 cm-1 

(A1g at 246 cm-1, B1g at 322 cm-1, B2g at 363 cm-1) are clearly distinct from the signals of the 

other components. Also, small traces of rutile are found. 
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Fig. 70: Measured (black) and modeled (dashed red) Raman spectrum of an e-beam coated undoped TiO2 

thin film on B270 glass post-heated at 640 °C – decomposed into substrate (light blue) and thin film (dark 

red). The substrate spectrum is split into luminescence (mid blue) and Raman bands (dashed dark blue) 

and the thin film is decomposed into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 

(dark gray) spectra. The crystalline spectra are divided into first-order scattering (black dashed lines) and 

phase background (light gray lines). The excluded range is light red and the low priority range is light 

brown. Same sample as in Fig. 65. The spectra are shifted on the intensity axis as indicated by dotted lines. 

Fig. 70 shows the Raman spectrum of an e-beam coated undoped TiO2 film that was 

coated onto B270 glass and post-heated at 640 °C. This sample was coated in the same 

deposition process as the sample in Fig. 69, but post-heated at a higher temperature. The anatase 

peaks are stronger and the contribution of amorphous TiO2 to the measured Raman spectrum is 

weaker as compared to the TiO2 film post-heated at 420 °C. Little to no brookite is found in 

this sample. 
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Fig. 71: Measured (black) and modeled (dashed red) Raman spectrum of an e-beam coated titania film 

doped with 8 at.% Nb on B270 glass post-heated at 640 °C – decomposed into substrate (light blue) and 

film (dark red). The substrate spectrum is split into luminescence (mid blue) and Raman bands (dashed 

dark blue) and the film is decomposed into anatase (green), brookite (orange), rutile (blue), and 

amorphous TiO2 (dark gray). The crystalline spectra are divided into first-order scattering (black dashed 

lines) and phase background (light gray lines). The excluded range is light red and the low priority range 

is light brown. Same sample as in Fig. 66. Intensity shifts of the spectra are indicated by dotted lines. 

Fig. 71 shows the Raman spectrum of an e-beam coated Ti0.92O2.25Nb0.08 film that was 

coated onto B270 glass and post-heated at 640 °C. Anatase is the main phase and the anatase 

phase background spectrum is significantly more intense than in the spectrum of the undoped 

film post-heated at the same temperature (cf. Fig. 70). Also, the first-order Raman peaks are 

wider and smaller in height as the peaks of the undoped film. Both are indications of disorder, 

most probably caused by the incorporation of niobium. We found the amorphous content to be 

higher than in the undoped film. Brookite is not found in the films doped with 8 at.% Nb and 

rutile is found as traces. 
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Fig. 72: Measured (black) and modeled (dashed red) Raman spectrum of an e-beam coated titania film 

doped with 8 at.% Nb on B270 glass post-heated at 640 °C – decomposed into substrate (light blue) and 

film (dark red). The substrate spectrum is split into luminescence (mid blue) and Raman bands (dashed 

dark blue) and the film is decomposed into anatase (green), brookite (orange), rutile (blue), and 

amorphous TiO2 (dark gray). The crystalline spectra are divided into first-order scattering (black dashed 

lines) and phase background (light gray lines). The excluded range is light red and the low priority range 

is light brown. Same sample as in Fig. 67. Intensity shifts of the spectra are indicated by dotted lines. 

Fig. 72 shows the Raman spectrum of an e-beam coated Ti0.84O2.25Nb0.16 film that was 

coated onto B270 glass and post-heated at 640 °C. The phase composition of this film with 

16 at.% Nb is comparable to that of the Ti0.92O2.25Nb0.08 film with 8 at.% Nb (cf. Fig. 71), but 

we found no traces of rutile. The anatase peaks are wider than those of the Ti0.92O2.25Nb0.08 film 

post-heated at the same temperature (cf. Fig. 71) and the phase background is so intense that its 

height is higher than the height of the A1g and B1g peaks. This indicates increasing disorder in 

the TiO2 film with increasing Nb content. 
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We discuss the behavior of the anatase first-order Raman peak parameters with the 

temperature and the Nb content in chapter 6.1.2 and the behavior of the anatase phase 

backgrounds in chapter 6.2. 
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5 Quantitative evaluation of decomposed Raman spectra and X-ray 

diffractograms 

In the following, we present quantitative studies on measured TiO2 thin film Raman 

spectra, which were decomposed into various sub-spectra in chapter 4. Additional qualitative 

studies on these spectra are discussed in chapter 6. The sub-spectra are simulated 

simultaneously by adjustable model spectra, which were presented and discussed in chapter 3.1 

and mathematically defined in chapter 3.2. In chapter 5.1, we introduce general aspects that 

have to be considered when Raman spectra and X-ray diffractograms are quantitatively 

analyzed. 

In chapter 5.2, we compare the quantification of TiO2 phases in Raman spectra and in 

X-ray diffractograms of multi-phase TiO2 thin films. The films are rf-diode sputtered and 

consist of anatase, brookite, rutile, as well as amorphous TiO2. The phase contents are varied 

by depositing the samples at various substrate temperatures. This set of multi-phase films was 

chosen for further studies on a variation of the Raman laser wavelength. The cross-sections of 

the used measurement methods are considered. In chapter 5.3, we study the influence of the 

substrate material on the phase composition of rf-diode sputtered multi-phase TiO2 thin films 

using Raman spectrometry.  

In chapter 5.4, we compare the contributions of TiO2 phases in Raman spectra and in 

X-ray diffractograms of e-beam coated undoped and Nb-doped TiO2 thin films. The films are 

amorphous as deposited and crystallize to mainly anatase with increasing post-heating 

temperatures. 

In chapter 5.5, we compare the quantitative results of chapter 5.2 with chapter 5.4, and 

discuss the advantages and disadvantages of both methods, XRD and Raman. 

5.1 Quantification of Raman spectra and X-ray diffractograms 

This work aims at the decomposition of Raman spectra of TiO2 on various substrates and 

their numerical evaluation. The results presented here do not provide the total amount of 

atoms/molecules or the weight ratios of the phases in the measured samples. In future work, in 

which actual amounts of the individual TiO2 phases are to be determined, the actual cross-

sections of the various materials must be identified from measurements of standard materials 

and mixtures of standard materials. 

In general, the X-ray or Raman intensity of a given material is proportional to the amount 

of the measured material. However, in mixtures of materials, the intensity ratios are not 
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necessarily proportional to the weight fractions.19,139 The intensity ratio of X-ray diffractograms 

is proportional to the weight fraction of different materials if the X-ray absorption power of the 

materials is similar.139 The X-ray photons of the CuKα radiation (0.154 nm) have energy of 

around 8000 eV. This is above the Ti K-edge, which is between 4900 eV and 5000 eV 

(equivalent to a wavelength of 0.25 nm) for the four TiO2 allomorphs. The X-ray absorbance 

of anatase, rutile, brookite and amorphous TiO2 is in the same range.140,141  

In such a case, the ratio of weight fractions w1/w2 and the X-ray intensity ratios I1/I2 of 

two materials are proportionally linked with a constant factor K: 

 
w1

w2
=  K

I1

I2
. (59) 

Spurr and Myers showed that for mixtures of anatase and rutile powder, the coefficient K 

between the weight ratio wA/wR and the X-ray anatase/rutile peak intensity IA/IR ratio of the 

most intense peak of both phases was almost constant, around K = 0.8, for all anatase/rutile 

weight fractions.142 

Raman intensities of a given material are also proportional to the amount of the measured 

material. Other factors that contribute to the Raman intensity are most notably temperature, 

density, refractive index, and optical absorption. The measuring temperature contribution is 

described by the Boltzmann factor: 

 1 − 𝑒−
ℎ𝑣

𝑘𝑇, (60) 

which affects lower frequency vibrations stronger. The density of the films can also be 

affected by the measurement temperature. The density alters the number of molecules that are 

irradiated by the Raman laser. Yet, this should not affect the measurements of films that are 

thinner than the penetration depth of the Raman laser or the X-ray beam. The refractive index 

changes the integrated Raman peak area by a factor L by: 

 𝐿 = (
𝑛𝑠

𝑛0
)
(𝑛𝑠
2+2)

2
(𝑛0
2+2)

2

81
, (61) 

with the refractive index ns of the sample of the Raman scattering light, and the refractive 

index n0 of the sample of the exciting light. Optical absorption leads to attenuation of the laser 

or of Raman photons (self-absorption). Self-absorption often distorts relative band areas. 
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Further inherent parameters of the samples also alter the X-ray diffractograms and Raman 

spectra in varying ways and to varying degrees. These are for example preferred orientation, 

crystal morphology, grain size, residual strain, and impurities.143 

The measurements were performed on varying days. Thus, the total measured intensities 

of Raman spectra and X-ray diffractograms are altered by several experimental factors. Such 

factors are for example instrument parameters such as the instrument calibration, optical 

alignment within the instrument, a drift in the performance of the spectrometer/diffractometer, 

or errors due to dead time. Further aspects that influence the measured intensities are sample 

alignment and the focus of the Raman laser spot or the X-ray beam. 

Therefore, we calibrated the sample placement and measurement equipment before each 

measurement for Raman and XRD. Many Raman spectra contain bands that do not change in 

intensity with increasing analyte concentration and they can be used as internal standards for 

calibration. In TiO2 Raman spectra, there is no such internal standard, so we measured a Si 

reference sample before each measurement and the peak parameters/intensities were analyzed 

for the calibration of the spectrometer so that it yields comparable results for each measurement. 

In order to lower the impact of the variance of the total measured intensities on the 

interpretation of the data, we use two ways to quantify the same set of Raman and XRD data, 

as was suggested by Pelletier.19 Firstly, we compare the total intensities of the individual TiO2 

phases in kcps, and secondly we compare the relative amounts of X-ray or Raman photon 

counts.  
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5.2 Quantitative comparison of Raman with XRD on diode sputtered multi-phase TiO2 

films 

In this chapter, we compare the intensities in Raman spectra and X-ray diffractograms of 

the TiO2 phases, anatase, brookite, rutile, and amorphous TiO2 of diode-sputtered multi-phase 

TiO2 thin films (for deposition parameters see chapter 2.1.1). Therefore, the measured X-ray 

diffractograms and Raman spectra are decomposed into their components by the simulation of 

adjustable model diffractograms or spectra as demonstrated in chapter 4. The models that we 

used for the decompositions are described in chapters 3.1 – 3.3. The Raman spectra were taken 

individually with two different excitation wavelengths, 633 nm and 532 nm (for the 

measurement procedure see chapter 2.2.1). As shown in the Raman maps of chapter 7.1, the 

four TiO2 phases are homogeneously distributed over the sample surface. The same set of 

Raman spectra and X-ray diffractograms are analyzed qualitatively in chapter 6.1.1. 

5.2.1 Phase quantification with XRD and Raman 

For the measured diffractograms or Raman spectra, we assign a certain amount of X-ray 

or Raman photons to the TiO2 phases, anatase, brookite, rutile, or amorphous TiO2. We quantify 

the contributions of the various TiO2 phases to the total diffractograms or spectra by calculating 

the areas under the corresponding graphs of the adjustable model X-ray diffractograms and 

Raman spectra. For the Raman quantification of crystalline phases, the number of counts of a 

certain phase is a sum of the counts arising from first-order Raman scattering and from the 

phase background (e.g. second-order scattering and disorder- and defect-induced scattering). 

For better comparability, the 532 nm Raman intensities are then multiplied by a factor of 10 

because the power output of the laser was ten times lower than that of the 633 nm laser. 

We have decomposed the X-ray diffractograms as well as the 633 nm and 532 nm Raman 

spectra of 70 nm thick TiO2 thin films on B270 glass that were diode-sputtered at substrate 

temperatures of 155 °C, 200 °C, 275 °C, 310 °C, and 415 °C (±20 °C). The contributions to the 

diffractograms and Raman spectra were quantified for each TiO2 phase. The left side of Fig. 73 

shows the intensities of anatase, brookite, rutile, and amorphous TiO2 in thousand counts per 

second (kcps) as measured by XRD, 633 nm Raman, and 532 nm Raman versus the deposition 

temperature. The right side of Fig. 73 displays the relative amount of counts we assign to the 

individual phases that contribute to the X-ray diffractograms and Raman spectra (calculated 

from the data of the left column). 
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Fig. 73: Left column: Contributions (in thousand counts per second) of anatase, brookite, rutile, and 

amorphous TiO2 to XRD diffractograms and (633 nm and 532 nm) Raman spectra of TiO2 thin films 

diode-sputtered at temperatures of 155 °C – 415 °C. Right column: Apparent relative phase contents 

(relative number of X-ray or Raman photon counts) in the XRD diffractograms and (633 nm and 532 nm) 

Raman spectra. The lines are added to guide the eye. 
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Each of the four TiO2 phases, anatase, brookite, rutile, and amorphous TiO2 was detected 

by Raman with both laser wavelengths in all samples. In the X-ray diffractograms we found 

anatase, rutile, and amorphous TiO2, as well, but brookite was visible in the diffractograms of 

the films deposited at temperatures above 300 °C only. 

The relative amount of photon counts that we assign to amorphous TiO2 decreases with 

increasing deposition temperature from 155 °C to 415 °C and decreases in the diffractograms 

as well as in the Raman spectra from around 80% to around 20%. The total intensity that we 

attribute to amorphous TiO2 in the X-ray diffractograms decreases from 8 kcps to 2 kcps. The 

intensity of amorphous TiO2 in the Raman spectra shows the same trend at temperatures above 

200 °C. It decreases from 15 kcps to 2 kcps in the 633 nm Raman spectra and from around 

30 kcps to 15 kcps in the 532 nm Raman spectra. Yet, the intensity of amorphous TiO2 increases 

with increasing deposition temperature from 155 °C to 200 °C from 10 kcps to 15 kcps in the 

633 nm Raman spectra and from 15 kcps to around 30 kcps in the 532 nm Raman spectra. 

The total and relative number of counts that we assign to anatase increases with increasing 

deposition temperature from 155 °C to 415 °C for all three measurement techniques. That is 

0.3 kcps – 12 kcps in the 633 nm Raman spectra, 2 kcps – 42 kcps in the 532 nm Raman spectra, 

and 2 kcps – 7 kcps in the X-ray diffractograms. The apparent relative anatase content in the 

diffractograms and the Raman spectra of both laser wavelengths increases from around 10% to 

around 60% of the total number of TiO2 counts with increasing temperature. 

The counts assigned to brookite show the same trend in the Raman spectra of both laser 

wavelengths and increases from 0.7 kcps to 2 kcps in the 633 nm Raman spectra, and from 

0.5 kcps to 9 kcps in the 532 nm Raman spectra. This is an increase of an apparent phase content 

from approximately 3% to 12% for both wavelengths. Concerning X-ray diffractometry, 

brookite is present only in the diffractograms of the films produced above 300 °C, with values 

below 0.5 kcps and apparent phase contents below 5%. The XRD data do not contradict the 

Raman findings of increasing brookite content with the deposition temperature, but are not 

sufficient for a clear interpretation. 

From the low and partly non-identifiable intensities of brookite in the X-ray 

diffractograms, we conclude that Raman is more sensitive for brookite than XRD. This is 

supported by the quantitative analysis described in chapter 4.1.1 and 4.1.2. This makes Raman 

spectroscopy more suitable for detecting the presence of traces or small amounts of brookite. 

The rutile content increases in the Raman spectra of both wavelengths and in the 

diffractograms with the temperature increasing from 155 °C to 200 °C and is maximum for the 

samples prepared at substrate temperatures between 200 °C and 310 °C and decreases again for 
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samples prepared at 415 °C. The described trend ranges from 1 kcps to 5 kcps in the XRD 

diffractograms, from 1 kcps to 1.5 kcps in the 633 nm Raman spectra, and from 3 kcps to 6 kcps 

in the 532 nm Raman spectra. This equals an apparent phase contents of about 10% – 40% in 

the X-ray diffractograms, 7% – 11% in the 633 nm Raman spectra, and 7% – 15% in the 532 nm 

Raman spectra. 

According to literature, the temperature at which rutile is obtained from anatase-to-rutile 

transition starts at around 600 °C – 700 °C at pressures below atmospheric pressure.5 In our 

sputter-deposited films, rutile formation is most probably supported by kinetic particle impact 

into the films during the deposition, as was suggested by Löbl et al.144 Our interpretation of the 

decrease of rutile at higher temperatures is that fast-growing anatase leaves no space for rutile 

generation. 

5.2.2 Influence of laser wavelength on the intensity of TiO2 phases in Raman spectra 

The left side of Fig. 74 shows the number of Raman photon counts that we account to the 

phases, anatase, brookite, rutile, and amorphous TiO2, taken with a 532 nm (multiplied by a 

factor of 10, see chapter 5.2.1) vs. a 633 nm laser. The right side of Fig. 74 shows the relative 

intensities I(532) and I(633) of the Raman photon counts that we assign to each phase (or the 

'apparent phase contents') from spectra measured with a 532 nm and 633 nm laser. The plotted 

values follow immediately from the data of Fig. 73. 

 

Fig. 74: left side: Raman intensity of anatase, brookite, rutile, and amorphous TiO2 in multi-phase thin 

films as derived from Raman spectra measured with a 532 nm laser versus a 633 nm laser; right side: 

same data plotted as relative intensities (relative apparent phase contents). 

In the right graph of Fig. 74, the data points are close to the diagonal line. Thus, the 

apparent phase contents in the Raman spectra are nearly identical for both laser wavelengths. 

In the left graph of Fig. 74, one can see that the intensities of the crystalline phases, anatase, 
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brookite and rutile follow an identical linear relationship for the two laser wavelengths. From 

the straight trendline it follows that the intensities Icryst.(532) of the crystalline phases in the 

532 nm Raman spectra is Kcryst.(532/633) = 3.5 times the intensities Icryst.(633) in the 633 nm Raman 

spectra: 

 𝐼𝑐𝑟𝑦𝑠𝑡.(532) = 3.5 ∙ 𝐼𝑐𝑟𝑦𝑠𝑡.(633), (62) 

According to equation (31) in chapter 1.4.2.5, the Raman cross-section and thus the 

measured intensity has a 1/λ4 relationship with the laser wavelength λ. Adding the factor 

(532 nm)4/(633 nm)4, we get a remaining proportionality factor K’cryst.(532/633) of K’532/633 = 1.8: 

Several aspects contribute to the remaining factor of 1.8 between the Raman intensities 

of the two laser wavelengths. Such factors are a variance of the reflectance of the thin films or 

the film/substrate interface for the different laser wavelengths, or geometrical factors such as 

the laser spot size and the energy distribution within the laser spot. 

The number of photons that we assign to the amorphous phase using 532 nm and 633 nm 

laser has a high variance and does not follow the trend of the crystalline phases. Especially the 

values for the highly amorphous films (marked with open circles) deposited at 155 °C and 

200 °C are not close to the trendline. A trendline for amorphous TiO2 (not shown in Fig. 74) 

gives a ratio of the number of counts that our simulation models assigned to the amorphous 

phase as measured with a 532 nm and a 633 nm laser Iam.(532)/Iam.(633) of approximately 2. 

Considering the wavelength dependent change in Raman cross-section with 1/λ4, equation (64) 

gives a laser-dependent proportionality factor for the amorphous phase as K’am.(532/633) = 1: 

 𝐼𝑎𝑚.(532) = 1 ∙ 𝐼𝑎𝑚.(633) ∙
(633𝑛𝑚)4

(532𝑛𝑚)4
 . (64) 

An explanation for the variance in the intensities of the amorphous TiO2 phase might be 

the high signal-to-noise ratio of the 532 nm spectra, which hinders the identification of the broad 

features of the amorphous Raman bands. This assumption is supported by Fig. 75, in which the 

amorphous content as measured with the 532 nm laser has a higher variance. Interestingly, the 

apparent phase contents (relative content) of the amorphous phase in the Raman spectra of both 

laser wavelengths agrees well for both laser wavelengths (see the right side of Fig. 74). 

𝐼𝑐𝑟𝑦𝑠𝑡.(532) = 1.8 ∙ 𝐼𝑐𝑟𝑦𝑠𝑡.(633) ∙
(633𝑛𝑚)4

(532𝑛𝑚)4
. 

(63) 
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5.2.3 Correlation between total XRD and Raman intensities 

Fig. 75 depicts the Raman intensities (633 nm and 532 nm) versus the corresponding X-ray 

intensities of the TiO2 allomorphs, anatase, brookite, rutile, and amorphous TiO2 of the data 

shown in Fig. 73. 

 

Fig. 75: Intensities (number of counts) of the TiO2 phases, anatase, brookite, rutile, and amorphous TiO2 

in the 633 nm and 532 nm spectra Raman spectra vs. in the X-ray diffractograms in one thousand counts 

per second (kcps). 

For each phase, the X-ray intensity axis and the Raman intensity axis are equal. So, one 

can directly see that the ratios of the Raman and the XRD intensities of brookite IRaman(br)/IXRD(br) 

is highest, followed by the intensity ratios of anatase IRaman(an)/IXRD(an), and the intensity ratio of 

amorphous TiO2 IRaman(am)/IXRD(am), while the Raman to XRD intensity ratio IRaman(ru)/IXRD(ru) of 

rutile is the lowest: 

I𝑅𝑎𝑚𝑎𝑛(𝑏𝑟)

I𝑋𝑅𝐷(𝑏𝑟)
>
I𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑋𝑅𝐷(𝑎𝑛)
>
I𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑋𝑅𝐷(𝑎𝑚)
>
I𝑅𝑎𝑚𝑎𝑛(𝑟𝑢)

I𝑋𝑅𝐷(𝑟𝑢)
. 

(65) 



 

151 

 

The anatase Raman intensities increase from 0.3 kcps to 12 kcps (633 nm) and from 

1.3 kcps to 42 kcps (532 nm) with the XRD intensity increasing from 1.6 kcps to 6.6 kcps. 

Although the anatase Raman intensities increase strongly with the anatase XRD intensity, with 

factors of 2.4 (633 nm) and 8 (532 nm), the XRD intensity is relatively large as compared to the 

anatase Raman intensity for the weakly crystallized film deposited at 155 °C. 

The brookite Raman counts increase from 0.5 kcps to 2.2 kcps (633 nm) and from 0.7 kcps 

to 9.0 kcps (532 nm), while brookite was detected by XRD only in the two films deposited at 

the highest temperatures, 310 °C and 415 °C, with values of 0.4 kcps and 0.1 kcps, respectively. 

The Raman intensities of the brookite phase in the sample deposited at 310 °C are 1.2 kcps 

(633 nm) and 6.8 kcps (532 nm). For these two samples, the brookite grain size is 60 nm as 

determined from X-ray diffractograms using the Scherrer method (in chapter 6.1.1). The 

absence or low intensity of brookite in the X-ray diffractograms could be caused by crystal 

sizes that are so small that most crystals are X-ray amorphous and only the biggest crystals are 

visible. 

The rutile Raman intensity increases from 1.2 kcps to 1.5 kcps (633 nm) and from 4.0 kcps 

to 5.5 kcps (532 nm) with increasing X-ray intensity from 1.3 kcps to 4.7 kcps. 

The 633 nm and 532 nm Raman intensities of the amorphous TiO2 phase have increasing 

trends with increasing XRD intensities, but show high variance, especially in the Raman spectra 

that were taken with a 532 nm laser. 

Straight trendlines are added to Fig. 75 for both laser wavelengths for each phase except 

for brookite, where the X-ray intensity was too low or mostly absent in the diffractograms. 

Pelletier suggests to fit the relation of phase contents in Raman spectra with a straight line with 

a slope a and intersect b by y = ax + b.19 We used this kind of trendlines for anatase and rutile. 

The trendlines for amorphous TiO2 was forced to intersect both axes at 0 because of the high 

variance in the data points.  

The slopes and intersects of the trendlines (of the Raman intensity axis) of anatase and 

rutile are 3.5 times higher for the Raman spectra taken with a 532 nm laser than for the Raman 

spectra taken with a 633 nm laser. This agrees with equation (62). 

The trendlines that are applied to the data for anatase and rutile do not go through 0 for 

both lasers (633 nm and 532 nm). The anatase trendlines intersect the XRD-axis at 1.5 kcps for 

both laser wavelengths, and the rutile trendlines intersect the Raman-axis at 1 kcps and 3 kcps. 

Yet, the relation of Raman and XRD is nearly proportional for anatase. 

As mentioned in chapter 5.2, the X-ray or Raman intensity should be proportional to the 

amount of the measured material. Thus, if the Raman and X-ray intensities are not proportional, 
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there must be further aspects that alter the measured intensities. This discrepancy could be 

caused by intrinsic properties of the analyzed films, by limitations of the experimental setup, or 

by errors in the quantitative evaluation of the Raman spectra and X-ray diffractograms. 

The low Raman intensities of anatase in the weakly crystallized films coated at 155 °C 

and 200 °C indicate that the activation of phonons is inhibited in these films. This correlates 

with three observations: Firstly, the anatase lattice is distorted and relaxes with the deposition 

temperature, and thus with the anatase content (see Fig. 85 in chapter 6.1.1). Secondly, in 

chapter 6.2, we observed that disorder-induced Raman scattering becomes less in the anatase 

phase background spectra of evaporated single-phase anatase thin films with increasing 

crystallization due to increasing annealing temperature. Thirdly, anatase is surrounded by a 

relatively high amount of brookite and rutile in the films coated at 155 °C and 200 °C. Thus, 

phonons in the anatase crystallites might be suppressed by adjacent brookite and rutile 

crystallites. 

The relatively low rutile intensity in the X-ray diffractograms of the weakly crystallized 

films could be caused by a very small crystallite size of rutile. As mentioned in chapter 5.2.1, 

rutile formation takes place most probably by particle impact in our films. This was suggested 

by Löbl et al. for sputtered TiO2 thin films, where TEM imaging revealed that the rutile crystals 

were considerably smaller than the anatase crystals.144 

Actually, the low rutile intensity in the X-ray diffractograms of the weakly crystallized 

films correlate with small crystallite sizes as determined from the Raman peak widths of the 

rutile Eg and A1g modes arising from phonon confinement (see chapter 6.1.1). The crystallite 

sizes as determined from the Raman spectra increases from 1.7 nm to 3.3 nm for rutile and from 

5.2 nm to 6.6 nm for anatase with the deposition temperature increasing from 155 °C to 415 °C 

while the anatase as well as rutile crystallite size as determined from X-ray diffractograms using 

the Scherrer method increases from 7 nm to 16 nm. 

In a study of Viana et al. on the average sizes of anatase nanoparticles synthesized by a 

solvothermal method, the crystal size as determined from Raman spectra by the phonon 

confinement model were closer to the average size as determined by TEM, as compared to 

X-ray diffraction.145 If in our work the crystallite sizes that were determined by Raman 

spectroscopy are also more accurate than grain sizes that were determined by the volume 

weighted Scherrer method, a significant amount of rutile crystallites should be significantly 

smaller than 2 nm in the less crystallized films deposited below 250 °C. Such small crystals are 

most probably X-ray amorphous, but Raman active as crystalline modes. This leads to an 
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underrepresentation of rutile in the X-ray diffractograms and an overestimation of grain size 

using the Scherrer equation. 

A further reason for the non-linear relation between the Raman and X-ray intensities of 

rutile could lie in the rutile phase background Raman model spectrum. Fig. 76 (top) illustrates 

that the rutile phase background model spectrum resembles the Raman spectrum of amorphous 

TiO2. The figure shows a typical rutile Raman spectrum (blue) with a strong rutile phase 

background spectrum (light blue). For comparison, a simulated spectrum of amorphous TiO2 is 

added to the figure. The intensity of the amorphous spectrum is chosen so that one can see the 

similarities with the phase background model of rutile. From this depiction, one can follow that 

there is an uncertainty in distinguishing between rutile and amorphous TiO2. 

 

Fig. 76: Top: a simulated rutile Raman spectrum (blue) with its phase background (light blue) compared 

to a simulated Raman spectrum of amorphous TiO2 (gray), bottom: simulated brookite Raman spectrum 

(orange) with its phase background (light orange) compared to a simulated Raman spectrum of 

amorphous TiO2 (gray). 



 

154 

 

It is possible that either the phase background of rutile resembles the spectrum of 

amorphous TiO2 or that the literature rutile spectrum that was used to build the rutile phase 

background model contains a considerable amount of amorphous TiO2. 

Furthermore, the low increase of rutile Raman intensity as compared to X-ray intensity 

with increasing deposition temperature correlates with a strong increase in anatase content, thus 

the rutile phonons might be suppressed by adjacent anatase content. 

In Fig. 76 (bottom), one can see a certain similarity of the brookite phase background 

model spectrum (light orange) with the amorphous TiO2 Raman spectrum. Yet here, above 

800 cm-1 and around 210 cm-1 they are clearly distinct. 

An interpretation of the cross-sections of Raman and XRD measurements on the various 

TiO2 phases is not simple in the analyzed set of samples, because of the non-linear relation of 

anatase and rutile intensities. When for each phase the slopes of the trendlines in Fig. 75 are 

interpreted as the ratios of the Raman and the XRD cross-section, one would get Raman/XRD 

intensity ratios of: 

 
I𝑅𝑎𝑚𝑎𝑛(𝑏𝑟)

I𝑋𝑅𝐷(𝑏𝑟)
:
I𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑋𝑅𝐷(𝑎𝑛)
:
I𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑋𝑅𝐷(𝑎𝑚)
:
I𝑅𝑎𝑚𝑎𝑛(𝑟𝑢)

I𝑋𝑅𝐷(𝑟𝑢)
= 30 ∶ 20 ∶ 10 ∶ 1. (66) 

The ratio of the rutile Raman intensity and XRD intensity IRaman(ru)/IXRD(ru) is normalized 

to a value of 1. For this estimation, a slope is missing for brookite. We therefore took the ratios 

of the brookite Raman and X-ray intensities for the sample with the most pronounced brookite 

diffractogram, deposited at 310 °C. 

Anyway, using the slope of the trendlines as estimates for the ratio of Raman and XRD 

cross sections is not accurate in this study. The estimation of the crystal size using XRD 

(Scherrer) does not agree with the crystal size determined by Raman (phonon confinement 

model). The XRD intensity might be underestimated due to the small crystallite sizes of the 

samples deposited at low temperatures. 

In order to avoid the impact of small crystals on the X-ray intensity and possible 

weakening of Raman intensity caused by a distorted lattice, we consider only the intensities of 

the samples deposited at 310 °C and 415 °C, which are most crystalline and have the largest 

crystals. Comparing the Raman and XRD intensity ratios of these samples, we get Raman/XRD 

intensity ratios of: 

 
I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑏𝑟)

I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑏𝑟)
:
I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑎𝑛)
:
I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑎𝑚)
:
I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑟𝑢)

I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑟𝑢)
= 12 ∶ 6 ∶ 3 ∶ 1, (67) 
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where the ratio of the rutile Raman intensity and XRD intensity IRaman(ru)/IXRD(ru) is 

normalized to a value of 1. 

5.2.4 Correlation between relative XRD and Raman intensities 

A comparison of the relative Raman intensity (or apparent phase content) in the Raman 

spectra vs. the X-ray diffractograms is shown in Fig. 77. 

 

Fig. 77: Apparent phase contents of the TiO2 phases, anatase, brookite, rutile, and amorphous TiO2 in the 

Raman spectra (including 633 nm and 532 nm spectra) vs. in the X-ray diffractograms. 

The shown data points include the apparent phase contents in the Raman spectra of both 

laser wavelength, 633 nm as well as 532 nm. A distinction between both laser wavelengths 

would provide similar results because they are almost equal for each phase, as can be seen in 

the right side of Fig. 74. 

Simulated lines are added to the figure that give relative Raman intensities Irel,Raman for 

relative XRD intensities Irel,XRD from 0% to 100% corresponding to certain cross-section ratios 

k of Raman spectroscopy and XRD intensities with k = IRaman/IXRD. These lines are simulated 

by: 

 I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛 = 1 −
(1−𝐼𝑟𝑒𝑙,𝑋𝑅𝐷)

𝑘2∙𝐼𝑟𝑒𝑙,𝑋𝑅𝐷+(1−𝐼𝑟𝑒𝑙,𝑋𝑅𝐷)
, (68) 

and are fitted to the data shown in Fig. 77 for each phase with solver using the least-

square method. These simulated trendlines give ratios of relative Raman and XRD phase 

contents Irel,Raman/Irel,XRD for brookite, anatase, amorphous TiO2, and rutile as: 

 
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑏𝑟)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑏𝑟)
:
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑛)
:
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑚)
:
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑟𝑢)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑟𝑢)
= 5 ∶ 2 ∶ 4 ∶ 1, (69) 
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which differs strongly from equations (66) and (67). If, again, the values of the weakly 

crystallized samples are omitted and solely the values for the highest crystalline films with the 

largest crystals are compared, we get relative Irel,Raman/Irel,XRD ratios of 

 
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑏𝑟)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑏𝑟)
:
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑛)
:
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑚)
:
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑟𝑢)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑟𝑢)
= 10 ∶ 4 ∶ 3 ∶ 1, (70) 

where the ratio of the rutile Raman intensity and XRD intensity IRaman(ru)/IXRD(ru) is 

normalized to a value of 1, which agrees quite well with equation (67). 

5.2.5 Conclusions 

TiO2 thin films were rf-diode sputtered onto B270 glass at substrate temperatures of 

155 °C to 415 °C. The films are multiphase, including anatase, brookite, rutile, and amorphous 

TiO2. The film thickness is 70 nm, and the density increases from 3.8 g/cm³ to 4.0 g/cm³ as the 

films gain crystallinity with increasing substrate temperature. For a quantitative comparison of 

Raman spectroscopy with X-ray diffraction (XRD), each sample was analyzed by XRD as well 

as by Raman, with two different lasers (532 nm and 633 nm). Adjustable model diffractograms 

and model spectra for multi-phase thin films have been used to determine the relative content 

of X-ray counts or photon counts of the individual TiO2 phases in the X-ray diffractograms and 

in the Raman spectra. The corresponding models are described in chapters 3.2 and 3.3. 

The overall trends of the phase intensities with increasing deposition temperature are 

similar for all three measurement methods. The intensity of the anatase phase is growing while 

the intensity of the amorphous phase decreases with the deposition temperature. Brookite is 

found in all Raman spectra of both laser wavelengths and the (absolute and relative) intensity 

of counts that we assign to brookite increases with the deposition temperature. However, in the 

X-ray diffractograms, only a few brookite peaks become visible, for deposition temperatures 

above 300 °C. The intensity of the rutile phase reaches its maximum already at 200 °C and 

decreases strongly at 415 °C to a value almost as low as the minimum value at 155 °C in the 

X-ray diffractograms as well as in the Raman spectra. 

As mentioned in chapter 5.1, we use two different methods to interpret one set of data of 

X-ray diffractograms and Raman spectra of multi-phase TiO2 thin films that we decomposed 

into various components including anatase, brookite, rutile, and amorphous TiO2. In chapter 

5.2.3, we compared and discussed the total numbers of photon counts that we assign to each 

phase. The same is done with the relative amount of photon counts assigned to each phase in 

chapter 5.2.4. 
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The ratios of the intensity ratios of Raman and X-ray intensities of the TiO2 phases is 

similar for both methods. Combining the values of equations (67) and (70), we get: 

The value for rutile is normalized to 1. The values are very imprecise, especially for 

brookite, and we therefore have rounded each value to one digit. We suggest that the ratios in 

equation (71) can be interpreted as a conservative estimate for the ratios of Raman and XRD 

cross sections. In chapter 5.5, these results will be further discussed and compared to the results 

of chapter 5.4. 

When further factors that vary Raman or XRD intensities (for example phonon 

confinement or disorder) are ignored, the results imply that the ratio of Raman and XRD 

sensitivities (or cross-sections) to brookite is ten times higher than to rutile. 

Brookite was found in the Raman spectra of all samples, while it was detected in the 

X-ray diffractograms of the most crystalline films only. Thus, Raman is more suitable than 

XRD to detect and characterize small amounts of brookite. 

The estimated apparent phase contents of anatase, brookite, rutile, and amorphous TiO2 

are similar for both Raman laser wavelengths, 633 nm and 532 nm. The most notable result of 

the comparison of the phase quantification using two different laser wavelengths is that there is 

a linear relationship between the total intensities that our models assigned to the crystalline 

TiO2 phases. This implies two things: firstly, between the crystalline TiO2 phases, there is most 

probably no notable variation of the wavelength-dependency of the Raman cross-section. 

Secondly, the linearity of the total Raman photon intensities (and thus also the matching relative 

intensities) that our models assign to the various phases suggests that the models for anatase, 

rutile, and brookite are well suited for the decomposition of mixed-phase TiO2 Raman spectra. 

Crystalline phases are easier quantifiable than the amorphous phase. 

The ratios of amorphous TiO2 Raman intensity and X-ray intensity have a high variance, 

especially in the Raman spectra taken with a 532 nm laser, which have a low signal-to-noise 

ratio. These spectra were taken 100 times for 1 s at one fixed position. The variance is smaller 

in the 633 nm Raman spectra, which were average spectra of Raman spectra taken at 121 × 121 

positions (laser spot size ca. 0.6 µm) in an area of 30 µm × 30 µm for 1 s each. This suggests 

that quantifiability of amorphous TiO2 by Raman or XRD is limited as compared to the 

crystalline phases. The quantification of amorphous TiO2 by XRD and Raman becomes more 

I𝑅𝑎𝑚𝑎𝑛(𝑏𝑟)

I𝑋𝑅𝐷(𝑏𝑟)
:
I𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑋𝑅𝐷(𝑎𝑛)
:
I𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑋𝑅𝐷(𝑎𝑚)
:
I𝑅𝑎𝑚𝑎𝑛(𝑟𝑢)

I𝑋𝑅𝐷(𝑟𝑢)
= 10 ∶ 5 ∶ 3 ∶ 1. 

(71) 
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consistent when Raman spectra have a high signal-to-noise ratio and/or when the 

(micro-)Raman measurements are not limited to one position. 

The weakly crystallized films deposited at 155 °C and 200 °C have a distorted anatase 

lattice and show a relatively low first-order anatase Raman intensity while the anatase phase 

background is strong, presumably containing intense disorder-induced scattering. This suggests 

that the intensity of first-order Raman scattering needs a certain degree of order within the 

crystals. 

The X-ray intensity of rutile is low in the same two weakly crystallized samples. The 

average crystallite size in such samples of rutile is < 2 nm as determined by Raman (phonon 

confinement model using peak position and peak width) and around 7 nm as determined by 

XRD (Scherrer method). A certain amount of crystals could be too small to be detected by XRD 

(‘X-ray amorphous’). Thus, XRD underestimates the amount of the phases with very small 

crystals and is suitable for phase quantification for larger crystals only. 

5.2.6 Suggested further studies 

Future studies should perform 532 nm Raman measurements with varying positions on 

the samples with a higher signal-to-noise ratio in order to assess the quantifiability of the 

amorphous phase. In the discussed set of samples, the signal-to-noise ratio is the more crucial 

source of error because the Raman measurements do not vary with the position of the 

measurement – as can be seen in the Raman maps taken with the 633 nm laser (see chapter 7.1). 

A further aspect that generally could hinder an accurate simulation of the Raman spectra 

and X-ray diffractograms of the amorphous TiO2 phase is a possible interaction of the model 

spectra/diffractograms for the substrates and the spectra/diffractograms of the amorphous TiO2 

phase. Both kinds of spectra/diffractograms are modeled over the whole measured wavenumber 

range and use simple, rigid models (see chapters 3.2.2.1 and 3.2.3.2 as well as 3.3.2 and 3.3.4). 

The luminescence spectra in the Raman measurements vary with the laser wavelengths 

(compare the luminescence spectra derived from measurements with 633 nm excitation in Fig. 

44 in chapter 3.1.5.2 and with and 532 nm excitation in Fig. 184 in the appendices). The models 

for amorphous TiO2 could be revised by studying Raman spectra and X-ray diffractograms of 

amorphous and partly crystalline TiO2 material that is thicker than the penetration depth of the 

Raman laser or the XRD beam. In this way, one can avoid a superposition of substrate signals 

with the signals arising from the TiO2 samples. 

The model for rutile Raman background spectra should be improved in following studies. 

In order to prepare new models for rutile phase backgrounds, one could use group-theory 
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analysis of the selection rules for the first-order and second-order scattering processes and 

perform ab initio calculations on phonon dispersion relations using density functional theory. 

These kinds of simulations are complex and need a high amount of computing power, so this 

should be used for the preparation of the model spectra and should not be implemented into the 

fitting routine for the decomposition of measured Raman spectra. Studies on the second-order 

spectrum of rutile can be found in an article of Nicola et al.129 Anyway, further (non-second-

order) phase background has also be added to such a model. 

Also, more experiments should be done with high numbers of samples in order to get a 

higher number of statistical values for the phase quantification.   
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5.3 Influence of the substrate on the phase composition of multi-phase TiO2 films 

In this chapter, Raman spectra (633 nm) of TiO2 films on various substrates are quantified 

and discussed. Therefore, three different substrates, B270 glass, Si wafers, and fused silica, 

were simultaneously rf-sputter coated with TiO2. The spectra were decomposed into various 

components which are simulated by adjustable model spectra using the methods discussed in 

chapters 3.1 and 3.2. 

The Raman spectra of the TiO2 films on B270 glass have already been discussed and 

compared to 532 nm Raman spectra and to X-ray diffractograms in chapter 5.2. Here, they are 

compared to Raman spectra of TiO2 on fused silica and on Si. 

We measured, decomposed and quantified Raman spectra using a 633 nm laser on TiO2 

thin films that were coated onto the substrates Si, fused silica, and B270 glass at various 

temperatures ranging from 155 °C to 415 °C. The films were coated simultaneously during the 

deposition processes that is described in chapter 2.1.1 onto the three different kinds of 

substrates. The Raman spectra are quantified by decomposing the measured spectra into various 

components that were simulated by adjustable model spectra as described in chapters 3.1 and 

3.2. The decomposition of the Raman spectra of the films coated onto Si, B270, and fused silica 

into their sub-spectra are shown in the figures Fig. 60, Fig. 61, and Fig. 62, respectively, in 

chapter 4.1.3. 

We quantified Raman spectra of TiO2 thin films that were rf-diode sputtered onto the 

substrates Si, fused silica, and B270 glass, coated at various substrate temperatures from 155 °C 

to 415 °C. On all substrates, the Raman intensity of the amorphous phase decreases with 

increasing temperature while the intensities of anatase and brookite increase. The relative 

amount of brookite Raman counts increases from around 5% to 10%, the rutile Raman counts 

are around 8% of the TiO2 thin film counts. On the crystalline Si substrates, the anatase content 

is higher and the amorphous content is lower in the Raman spectra of TiO2 than on the glassy 

substrates, B270 and fused silica. On B270 and fused silica, the Raman intensity that we 

attribute to the anatase phase, accounts for 10% (±8%) of the total counts of the TiO2 thin film 

coated at 155 °C, and increases to 65% with the substrate temperature increasing to 415 °C. On 

the Si substrate, the anatase counts increase from 35% to 80%.  

The main difference that we found in the phase composition of the TiO2 films is that the 

amorphous amount is lower on the Si substrate than on the glassy substrates, B270 and fused 

silica. 

The absolute and the relative Raman intensities of the four TiO2 phases, anatase, brookite, 

rutile, and amorphous TiO2 are shown in Fig. 78 (in kcps and in percent). The values of anatase 
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are marked as green squares, brookite as orange rhombuses, rutile as blue triangles, and 

amorphous TiO2 as gray circles. 

 

Fig. 78: Quantification of 633 nm Raman spectra of TiO2 phases in thin films that were diode-sputtered 

onto B270, fused silica, and Si substrates at various substrate temperatures of 155 °C – 415 °C. The values 

of anatase are marked as green squares, brookite as orange rhombuses, rutile as blue triangles, and 

amorphous TiO2 as gray circles. The left side shows contributions (in thousand counts per second) of 

anatase, brookite, rutile, and amorphous TiO2 to the Raman. The right side depicts the same values as 

relative contents. 

All TiO2 allomorphs that exist at room temperature at atmospheric pressure are present in 

the Raman spectra of each film. The TiO2 films coated at 155 °C are predominately amorphous 
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on all three substrates and they become more crystalline with increasing temperature and are 

mainly crystalline (anatase) at a substrate temperature of 415 °C. This was confirmed by XRD 

for the set of TiO2 thin films on B270 glass in chapter 5.2. The number of counts that we 

attribute to the amorphous phase decreases from 9 kcps (±2 kcps) to 3 kcps (±0.5 kcps) or from 

75% (±10%) to 15% (±5%) with increasing temperature on the two glassy substrates, B270 and 

fused silica. The amorphous content is lower on the Si substrate: the total amount of counts 

from the amorphous phase decreases from 5 kcps to almost 0 kcps or from 55% to almost 0%. 

On B270 and fused silica, the Raman intensity that we attribute to the anatase phase, accounts 

for 10% (±8%) for the film coated at 155 °C, and increases to 65% with the substrate 

temperature increasing to 415 °C. On the Si substrate, the anatase Raman counts are higher and 

increase from 35% to 80% of the TiO2 counts. Besides anatase, the brookite Raman spectra also 

become more intense with increasing temperature. The relative amount of Raman counts 

assigned to the brookite phase increases from 5% to 10% and the rutile counts are around 8% 

in the Raman spectra of the TiO2 films on all three substrates.  
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5.4 Quantitative comparison of Raman with XRD on e-beam evaporated TiO2 anatase 

films 

In this chapter, we compare the intensities in Raman spectra and X-ray diffractograms of 

the TiO2 phases, anatase, brookite, rutile, and amorphous TiO2 for e-beam evaporated undoped 

and Nb-doped TiO2 thin films – analogously to the work presented in chapter 5.2. The 

preparation of the films is described in chapter 2.1.2. 

The films are amorphous as-deposited and crystallize to mainly anatase with increasing 

annealing temperature. First crystallization starts at 375 °C as crystalline anatase islands, as we 

will see in the Raman maps in chapter 7.2. At 400 °C and above the whole surface is covered 

with anatase. The same set of Raman spectra and X-ray diffractograms that are quantitatively 

analyzed here, are qualitatively analyzed in chapter 6.1.2. 

5.4.1 Phase quantification with XRD and Raman 

We have decomposed X-ray diffractograms as well as 633 nm Raman spectra of 300 nm 

thick TiO2 thin films on B270 glass that were e-beam evaporated at 250 °C and post-heated at 

various temperatures up to 750 °C (±20 °C). The films that were post-heated at 750 °C, were 

coated onto fused silica because this temperature is too high for the B270 glass samples. For 

each of the temperatures 250 °C, 420 °C, 530 °C, 640 °C, and 750 °C, there are values for three 

samples with different degrees of Nb-doping, TiO2 (undoped), Ti0.92O2.25Nb0.08 (8 at.% Nb), 

and Ti0.84O2.25Nb0.16 (16 at.% Nb). See chapter 2.1.2 for the deposition parameters and sample 

preparation and see chapter 6.1.2 for the stoichiometry. For Ti0.92O2.25Nb0.08, there are also 

values given for 350 °C, 375 °C, 400 °C, and 450 °C. 

 The contributions to the diffractograms and Raman spectra were quantified for each TiO2 

phase. The left side of Fig. 79 shows the intensities of anatase, brookite, rutile, and amorphous 

TiO2 in thousand counts per second (kcps) as measured by XRD and Raman spectroscopy 

(633 nm) versus the annealing temperature. The right side of Fig. 79 displays the relative 

amount of counts that we assign to the individual phases in the X-ray diffractograms and Raman 

spectra (calculated from the data of the left column). 

Raman intensities are represented by closed symbols and XRD intensities by open 

symbols. Anatase is represented by green squares, brookite by orange rhombuses, rutile by blue 

triangles, and amorphous TiO2 by gray circles. Lines are added to each graph to guide the eye 

– solid lines represent Raman and dashed lines represent XRD intensities. The lines that are 

added to the graphs of anatase and amorphous TiO2 connect the averaged values of the three 

differently doped samples for each temperature. For brookite, the added lines connect the data 
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points for the undoped samples (TiO2). For rutile, straight trendlines are added to each set of 

TiO2 thin films with different Nb contents for Nb0 (light blue), Ti0.92O2.25Nb0.08 (medium blue), 

and Ti0.84O2.25Nb0.16 (dark blue). The trendlines are forced to intersect the temperature axis at 

250 °C, which is the deposition temperature of the samples prior to the post-heating. For rutile, 

the error bars are left out for clarity. Here, the error bars are in the order of 2 kcps for Raman 

and 0.5 kcps for XRD. 
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Fig. 79: Left side: contributions (in thousand counts per second) of anatase, brookite, rutile, and 

amorphous TiO2 to XRD diffractograms and (633 nm) Raman spectra of e-beam evaporated TiO2 thin 

films post-heated at temperatures of 250 °C – 750 °C. For each phase, the Raman intensities refer to the 

left axis and the X-ray intensities refer to the right axis. Right side: apparent phase content (= relative 

amount of counts) of the TiO2 phases in the XRD diffractograms and (633 nm) Raman spectra. 
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All films are amorphous after deposition at 250 °C. Below annealing temperatures of 

375 °C, the films do not show any crystallinity neither in the X-ray diffractograms nor in the 

Raman spectra. The total and the relative intensities of anatase and amorphous TiO2 in the 

Raman spectra and diffractograms are independent of the Nb content. The variance of the 

intensities of anatase and amorphous TiO2 is higher in the Raman spectra than in the X-ray 

diffractograms. 

Anatase is found in all X-ray diffractograms and Raman spectra of the films post-heated 

at temperatures of 375 °C and above. The anatase content in the spectra and diffractograms of 

the film post-heated at 375 °C is very low with 1 kcps in the diffractogram and 7 kcps in the 

Raman spectrum. The intensity increases strongly to values of 90 kcps in the Raman spectra 

and 25 kcps in the diffractograms with annealing temperature increasing to 420 °C. This 

correlates with the strong increase in the area of anatase on the Raman maps in chapter 7.2. 

There, we present that anatase islands are formed in a matrix of amorphous TiO2 at 375 °C and 

that the films become crystalline over the whole area at temperatures of 400 °C and higher. The 

anatase intensity increases slightly further to values of 120 kcps in the Raman spectra and 

30 kcps in the X-ray diffractograms with the temperature increasing to 750 °C. 

Analogously to the total intensities, the apparent phase content of anatase (right column 

of Fig. 79) stays at 0% up to an annealing temperature of 350 °C and grows slightly to values 

below 10% at an annealing temperature of 375 °C and increases strongly to values around 70% 

with the annealing temperature increasing to 420 °C. The apparent anatase intensities increase 

further to a value of 90% at an annealing temperature of 750 °C in both, the Raman spectra as 

well as in the X-ray diffractograms. In the range in between it is slightly stronger in the Raman 

spectra than in the X-ray diffractograms. 

Brookite is weakly present only in the X-ray diffractograms and Raman spectra of the 

undoped films and is strongest at the lowest post-heating temperature of 420 °C at which the 

full area is covered with crystalline phases. It decreases from 4 kcps to 0 kcps in the Raman 

spectra and from 2 kcps to 0 kcps in the X-ray diffractograms, which corresponds to a decrease 

of the apparent phase content from 2% to 0% in the Raman spectra and from 4% to 0% in the 

X-ray diffractograms. 

Traces of rutile are found in all Raman spectra as well as in the X-ray diffractograms of 

the undoped films (TiO2) annealed at temperatures above 400 °C. The intensities increase with 

the annealing temperature and decrease with the Nb content. In the Raman spectra, rutile is 

found in the films with 8 at.% Nb only at annealing temperatures above 500 °C and in the films 

with 16 at.% Nb only above 700 °C. With the annealing temperature increasing to 750 °C, the 
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linear trendlines of the rutile Raman intensities increase to 2.4 kcps for the undoped (TiO2) 

films, to 1.1 kcps for the films with 8 at.% Nb (Ti0.92O2.25Nb0.08), and to 0.2 kcps for the films 

with 16 at.% Nb (Ti0.84O2.25Nb0.16). With increasing temperature, the rutile X-ray intensity 

increases to 0.4 kcps for the undoped films and becomes lower with the Nb content and 

decreases to 0.3 kcps for the Ti0.92O2.25Nb0.08 films and 0.2 kcps for the Ti0.84O2.25Nb0.16 films. 

A similar trend is visible for the apparent phase content of rutile in the Raman spectra and in 

the X-ray diffractograms with a maximum value of 1% for the undoped films. 

The amorphous TiO2 phase is strongest in the as-deposited films with an average Raman 

intensity of 50 kcps and an average X-ray intensity of 25 kcps. The amorphous features in the 

X-ray diffractograms and Raman spectra decrease with the annealing temperature to values 

close to 0 kcps at a temperature of 750 °C. The amorphous intensity in the X-ray diffractograms 

gets closer to zero than in the Raman spectra. The trend of the apparent phase content of 

amorphous TiO2 in the diffractograms and spectra is the opposite of that of anatase because 

brookite and rutile are present only as traces. 

5.4.2 Correlation between total XRD and Raman intensities 

Fig. 80 shows the Raman intensities (633 nm) versus the corresponding X-ray intensities 

of the TiO2 allomorphs, anatase, brookite, rutile, and amorphous TiO2 of the data shown in Fig. 

79. 
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Fig. 80: Raman Intensities (633 nm) of the TiO2 phases, anatase, brookite, rutile, and amorphous TiO2 vs. 

in the X-ray diffractograms e-beam of e-beam evaporated TiO2 thin films post-heated at temperatures of 

250 °C – 750 °C in one thousand counts per second (kcps). 

The Raman intensities of anatase and amorphous TiO2 have high intensities but show a 

certain variance. Straight trendlines are given for both phases. The equation of the trendline for 

anatase is 

with the absolute anatase Raman intensity Iabs,Raman(an) and the absolute anatase X-ray 

intensity Iabs,XRD(an). The equation of the trendline for amorphous TiO2 is 

with the absolute amorphous TiO2 Raman intensity Iabs,Raman(am) and the absolute 

amorphous TiO2 X-ray intensity Iabs,XRD(am). 

Thus, the Raman/XRD intensity ratio is higher for anatase than for amorphous TiO2. If 

we interpret the slopes of the trendlines (equations (72) and (73)) as the general intensity ratio 

I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛) = 3.5 ∙ I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑎𝑛), 
(72) 

I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚) = 2.2 ∙ I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑎𝑚), 
(73) 
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of Raman and XRD in these measurements, the Raman/XRD intensity ratios of anatase and 

amorphous TiO2 relate as 

 
I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑎𝑛)
:
I𝑎𝑏𝑠,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑎𝑏𝑠,𝑋𝑅𝐷(𝑎𝑚)
= 5 ∶ 3, (74) 

as an integer ratio. This accounts for the films that are post-heated above temperatures of 

400 °C. The anatase Raman intensity Iabs,375°C,Raman(an) (7 kcps) of the film deposited at 375 °C 

is seven times higher than the anatase X-ray intensity Iabs,375°C,XRD(an) (1 kcps): 

For brookite there are only three values above 0 kcps available. There are only traces of 

brookite and rutile present in the X-ray diffractograms and in the Raman spectra, so the signal-

to-noise ratio is low, and the errors are high. Thus, trendlines cannot be given for brookite and 

rutile. 

5.4.3 Correlation between relative XRD and Raman intensities 

Fig. 81 shows the relative Raman Intensity vs. the relative X-ray intensity (or apparent 

phase contents). 

 

Fig. 81: Apparent phase contents of the TiO2 phases, anatase, brookite, rutile, and amorphous TiO2 in the 

Raman spectra (633 nm) vs. in the X-ray diffractograms of e-beam evaporated films. 

The data shown in Fig. 81 are evaluated analogously to the data of Fig. 77 in chapter 

5.2.4. The plots indicate a slightly over-linear anatase intensity, 60% in XRD corresponds to 

70% in Raman. Yet, apparent phase contents of anatase between 10% and 50% and of 

I𝑎𝑏𝑠,375°𝐶,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛) = 7 ∙ I𝑎𝑏𝑠,375°𝐶,𝑋𝑅𝐷(𝑎𝑛). 
(75) 
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amorphous TiO2 between 50% and 90% are not given. The values for rutile and brookite are 

too low for evaluation. The trendlines of the relative contents of amorphous TiO2 and anatase 

are described by 

 I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚) = 0.8 ∙ I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑚), (76) 

with the relative Raman intensity of amorphous TiO2 Irel,Raman(am) and the relative X-ray 

intensity of amorphous TiO2 Irel,XRD(am) and 

 I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛) = 1.2 ∙ I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑛), (77) 

with the relative Raman intensity of anatase Irel,Raman(an) and the relative X-ray intensity of 

anatase Irel,XRD(an).This gives a relation of the Raman and XRD intensity ratios for anatase and 

amorphous TiO2 of 

 
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑛)
:
I𝑟𝑒𝑙,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑟𝑒𝑙,𝑋𝑅𝐷(𝑎𝑚)
= 5 ∶ 3, (78) 

which is equal to the ratio of the absolute values in equation (74). This was to be expected 

because rutile and brookite are present only as traces. 

5.4.4 Conclusions 

Undoped and Nb-doped TiO2 thin films were evaporated by reactive e-beam evaporation 

onto B270 glass and fused silica with Nb contents of 0 at.%, 8 at.%, and 16 at.%. They were 

coated at a substrate temperature of 250 °C and individually post-heated at temperatures from 

350 °C to 640 °C on B270 glass, and additionally at 750 °C on fused silica. 

Each sample was measured by XRD as well as by Raman (633 nm) and the spectra were 

evaluated quantitatively. Adjustable model diffractograms and model spectra have been used 

to determine the relative content of X-ray counts or photon counts of the individual TiO2 phases 

in the X-ray diffractograms and in the Raman spectra. The corresponding models are described 

in chapters 3.2 and 3.3. The overall trends of the phase intensity with increasing deposition 

temperature is similar for both measurement methods. 

The main contributions to the X-ray diffractograms and Raman spectra are from anatase 

and amorphous TiO2, while the photon counts that we assign to brookite plus rutile contribute 

to less than 5% of the TiO2 diffractograms or Raman spectra. The films are amorphous as-

deposited and crystallization in Ti0.92O2.25Nb0.08 films starts at a temperature of 375 °C (as 
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crystalline anatase islands in an amorphous matrix, see chapter 7.2.4). The films are mainly 

anatase after post-heating at temperatures above 400 °C. 

The ratio of the anatase Raman intensity I375°C,Raman(an) and the anatase X-ray intensity 

I375°C,XRD(an) of the films post-heated at 375 °C is twice as high as the intensity ratio 

IRaman(an)/IXRD(an) of the films post-heated at temperatures above 400 °C. Combining the 

equations (72) and (75), we get: 

As we will see in the Raman maps in chapter 7.2, crystallization starts as anatase islands 

in an amorphous matrix. SEM images of this film (also in chapter 7.2) show island sizes 

between 50 nm and 700 nm. Thus, the islands are too large to be X-ray amorphous and they are 

mostly smaller than the spatial resolution of the 633 nm Raman maps (ca. 0.6 µm). This suggests 

that the high Raman to XRD intensity ratio of this sample might be caused not by relatively 

low X-ray intensity but by a high Raman intensity. The relatively high Raman intensity might 

lie in the nature of the islands: they are surrounded by an amorphous phase and not by grain 

boundaries (in the sense of a two-dimensional lattice defect between crystallites) which occur 

in the films that are crystallized over the whole surface. 

Brookite is found in the X-ray diffractograms and the Raman spectra of the undoped TiO2 

films only. The apparent phase content is 3% (±1%) in both, the X-ray diffractogram and the 

Raman spectrum of the undoped film post-heated at 420 °C. The brookite content decreases 

with the temperature and disappears at 750 °C.  

Rutile is present as traces in the crystalline films post-heated at temperatures above 

400 °C. The apparent phase content increases with the temperature and is 1% at the highest 

post-heating temperature of 750 °C in the X-ray diffractogram as well as in the Raman 

spectra. The rutile content decreases with the Nb content. 

Thus, Nb favors anatase, suppresses brookite and diminishes rutile. For the absolute as 

well as for the relative intensities, the relation of the Raman and XRD intensity ratios of anatase 

IRaman(an)/IXRD(an) and of amorphous TiO2 IRaman(am)/IXRD(am) is: 

I375°𝐶,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I375°𝐶,𝑋𝑅𝐷(𝑎𝑛)
= 2 ∙

I𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑋𝑅𝐷(𝑎𝑛)
. 

(79) 

I𝑅𝑎𝑚𝑎𝑛(𝑎𝑛)

I𝑋𝑅𝐷(𝑎𝑛)
:
I𝑅𝑎𝑚𝑎𝑛(𝑎𝑚)

I𝑋𝑅𝐷(𝑎𝑚)
= 5 ∶ 3. 

(80) 
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5.5 Comparison of the quantitative studies on rf-sputtered and evaporated TiO2 films 

In the following we compare the quantitative Raman and XRD studies of the rf-diode 

sputtered (DS) and reactive e-beam evaporated (EB) films discussed in chapters 5.2 and 5.4. 

Fig. 82 shows the Raman intensities and XRD intensities of DS and EB films in kcps in 

logarithmic scale. The values of the rf-diode sputtered films are represented by open symbols 

and of the e-beam evaporated films by closed symbols. For three rf-diode sputtered films, 

brookite is found in Raman spectra while it is not found in the corresponding X-ray 

diffractograms. The absent X-ray intensities are set to 0.02 kcps, so that they are also displayed 

in the logarithmic scale of Fig. 82. A black diagonal line represents values with IRaman = IXRD. 

 

Fig. 82: Raman intensity vs. XRD intensity of anatase, brookite, rutile, and amorphous TiO2 of rf-diode 

sputtered (DS) films as open symbols and e-beam evaporated (EB) films as closed symbols. The values of 

the e-beam coated film with crystalline islands are indicated by light colors. 

Linear trendlines are added to the figure for the anatase intensities of the e-beam 

evaporated films (green solid line), for the anatase intensities of the multi-phase rf-diode 

sputtered films (green dashed line), and for the intensities of amorphous TiO2. The trendline of 

the amorphous phase is equal for both sets of films (the rf-diode sputtered and the e-beam 

evaporated films), with 

The trendline of the anatase Raman intensity IEB,Raman(an) vs. the corresponding X-ray 

IEB,XRD(an) of the films prepared by reactive e-beam evaporation is described by 

I𝐷𝑆,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚) = I𝐸𝐵,𝑅𝑎𝑚𝑎𝑛(𝑎𝑚) = 2.2 ∙ I𝑋𝑅𝐷(𝑎𝑚). 
(81) 
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The anatase Raman intensity of the diode sputtered films IDS,Raman(an) is not proportional 

to the X-ray intensity IDS,XRD(an) and the trendline is described by 

The trendline is extrapolated for values above the intensities of the diode sputtered films 

and it approaches the trendline of amorphous TiO2 at an XRD intensity of 20 kcps and the lower 

values of anatase in the e-beam coated films at an XRD intensity of 40 kcps. With increasing 

crystallinity or increasing anatase content, the Raman/XRD intensity ratio of the rf-diode 

sputtered films gets closer to the Raman/XRD intensity ratios of the e-beam coated films. 

Brookite occurs only in undoped samples and is more consistently detected in Raman 

spectroscopy than in XRD. The brookite intensity increases with the deposition temperature in 

the rf-diode sputtered samples (with 60 nm grains) and decreases with the post-heating 

temperature in the e-beam evaporated samples. 

Most brookite intensities and the rutile intensities of the e-beam evaporated films are 

below 2 kcps in the Raman spectra as well as in the X-ray diffractograms. Their Raman/XRD 

intensity ratios are in the order of magnitude as the Raman/XRD intensity ratios of anatase or 

amorphous TiO2. Yet the low intensities result in low signal-to-noise ratios. Thus, relating 

Raman intensities with the X-ray intensities from these values is unreliable. 

The intensity of rutile of the rf-diode sputtered films is relatively high in the X-ray 

diffractograms as compared to the Raman spectra, but the X-ray intensity declines in the 

diffractograms of films with crystal sizes below 2 nm (as evaluated with the phonon 

confinement model). 

The rutile Raman/XRD intensity ratios of the rf-diode sputtered films are below those of 

the e-beam films and become even smaller with increasing X-ray intensity. 

The TiO2 thin film intensity (sum of all four TiO2 phases) of the rf-diode sputtered films 

is in average 12 kcps in the X-ray diffractograms and 18 kcps in the (633 nm) Raman spectra 

and the thin film intensity of the e-beam evaporated films (post-heated at temperatures above 

420 °C) is in average 42 kcps in the X-ray diffractograms and 130 kcps in the (633 nm) Raman 

spectra. 

I𝐸𝐵,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛) = 3.5 ∙ I𝐸𝐵,𝑋𝑅𝐷(𝑎𝑛). 
(82) 

I𝐷𝑆,𝑅𝑎𝑚𝑎𝑛(𝑎𝑛) = 2.4 ∙ I𝐷𝑆,𝑋𝑅𝐷(𝑎𝑛) − 3.4 𝑘𝑐𝑝𝑠. 
(83) 
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The average X-ray intensity of the e-beam evaporated films is 3.5 times higher than the 

average X-ray intensity of the rf-diode sputtered films, which is equal to the ratio of the film 

thicknesses (the EB films are around 250 nm and the films are 70 nm thick). In contrast, the 

average Raman intensities of the e-beam evaporated films are 7 times higher than those of the 

rf-diode sputtered films. Thus, in average, the ratio of Raman and XRD intensities IRaman(EB) and 

IXRD(EB) of the e-beam coated films is twice as high as the ratio of Raman and XRD intensities 

IRaman(DS) and IXRD(DS) of the diode sputtered films: 

This must be due to structural differences of the two types of films, not only their 

thickness: the studies on chapter 6.1 suppose that the diode sputtered films consist of smaller 

crystallites with a higher defect ratio as compared to the e-beam coated films, which both 

decrease the lifetime of optical phonons. These findings are supported by the relatively low 

Raman intensities of the diode sputtered films. 

Concerning the intensities of the individual phases there are four remarkable behaviors 

that we should point out: 

1. The rutile Raman/XRD intensity ratio of the rf-sputtered multi-phase films decreases 

with a decreasing rutile/anatase phase content ratio (the rutile signal is suppressed by 

other phases). 

2. The anatase Raman/XRD intensity ratio of the rf-sputtered multi-phase films 

decreases with decreasing phase content ratios of anatase/brookite or anatase/rutile 

(the anatase signal is suppressed by other phases). 

3. With increasing apparent anatase phase content (in Raman as well as in XRD) of the 

rf-sputtered multi-phase films the Raman/XRD intensity ratio gets closer to the 

Raman/XRD intensity ratio of the e-beam coated films which are mainly anatase. 

Thus, the Raman intensity of a certain phase is relatively low when other TiO2 allomorphs 

are present. 

4. The e-beam coated film post-heated at 375 °C with anatase islands in an amorphous 

matrix has twice the anatase Raman/XRD intensity ratio than the e-beam coated films 

which are crystallized over the whole surface. 

I𝑅𝑎𝑚𝑎𝑛(𝐸𝐵)

I𝑋𝑅𝐷(𝐸𝐵)
= 2 ∙

I𝑅𝑎𝑚𝑎𝑛(𝐷𝑆)

I𝑋𝑅𝐷(𝐷𝑆)
. 

(84) 
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The intensity of Raman vibrations seems to depend on the environment of the active 

crystals. Grain boundaries (or two-dimensional lattice defects) between crystallites might 

suppress phonons as compared to crystallites that are surrounded by an amorphous matrix.  

In future studies, a tip-enhanced Raman spectroscope coupled with a scanning tunneling 

microscope should be used to measure the Raman intensities of individual crystallites in multi-

phase TiO2 films. Then one should measure Raman intensities of – for example – anatase 

crystallites which are surrounded by only anatase crystallites and compare these intensities to 

the Raman intensities of anatase crystallites that are surrounded by amorphous content or by 

further crystallites. This should be performed for rutile and brookite as well. 
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6 TiO2 studies including decomposed TiO2 Raman spectra 

In this chapter we use the decomposed thin film Raman spectra and X-ray diffractograms 

(see chapter 4) to investigate how the properties of the various crystal phases change with the 

deposition parameters or post-heating. The studies include a variation of the coating 

temperature of rf-diode sputtered films (6.1.1), the annealing temperature and Nb incorporation 

of reactive e-beam evaporated films (6.1.2), or the variation of target oxidation and sample 

position, annealing temperature, and deposition time of Nb-doped rf-magnetron sputtered TiO2 

thin films (6.1.3). 

Chapters 6.2 and 6.3 present further studies on the undoped and Nb-doped reactive e-

beam evaporated films. In chapter 6.2 we deduce information about local disorder from the 

anatase phase backgrounds that occur in the measured Raman spectra. In chapter 6.3 we 

interpret amorphous TiO2 as a combination of highly disordered crystalline phases. 

6.1 Studies including first-order spectra from decomposed TiO2 Raman spectra 

In this chapter, we study the influence of the deposition temperature on the structural 

properties of the same rf-diode sputtered multi-phase TiO2 films that are quantitatively analyzed 

in chapter 5.2. We mainly discuss X-ray diffractograms, Raman spectra, and use the 

combination of both methods in order to investigate the crystallite size and defect density in the 

films.  

6.1.1 Structural effects of the deposition temperature on diode-sputtered multi-phase TiO2 

films  

Rf-diode sputtered TiO2 films were deposited as described in chapter 2.1.1. The films 

have a thickness of 70 nm (±3 nm) and a mass of 134 µg (±3µg). The thicknesses estimated 

from optical spectra (simulated in SCOUT) agree well with those measured by the profiler. The 

film density is between the values of anatase (3.8 g/cm³)146 and rutile (4.2 g/cm³)146 and grows 

from 3.8 g/cm³ (±0.2 g/cm³) to 4.0 g/cm³ (±0.2g/cm³) with increasing temperature from 155 °C 

to 415 °C. The refractive index behaves likewise: it is between the literature values of anatase 

(2.55) and rutile (2.90) at 550 nm146 and grows from 2.55 to 2.72 with increasing deposition 

temperature. Optical absorption spectra indicate that the band gap becomes sharper and 

increases with the deposition temperature.102 

Films deposited for 2 minutes with a thickness of 3 nm – 4 nm (as estimated by 

ellipsometry and XPS) are already compact. AFM scans reveal a closed film on the surface of 

the substrate of the sample coated for 2 minutes. AFM images taken with a height sensor as 
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well as with an adhesion sensor are shown in Fig. 185 in the appendices. Using XPS on the 

same sample, we detected a TiO2 film with a thickness of ca. 4 nm. The corresponding spectrum 

is shown in Fig. 186 in the appendices. 

We analyzed structural properties with XRD and Raman. Diffractograms and spectra 

were taken as described in chapter 2.2 and decomposed into their components (chapter 4.1). 

Reflections of anatase, rutile, and amorphous TiO2 are found in all Raman spectra and X-ray 

diffractograms. Brookite was found in all Raman spectra as well, but by XRD they are detected 

only in the diffractograms deposited at deposition temperatures above 300 °C. Quantitative 

evaluation of XRD and Raman indicate increasing crystallinity with increasing deposition 

temperature (for more details on the phase composition see chapter 5.2). The increase of 

crystallinity with the deposition temperature correlates with increasing density and refractive 

index. 

Below, we discuss X-ray diffractograms and Raman spectra of the samples. Furthermore, 

crystallite sizes are estimate from the XRD measurements and defect density is estimated by 

comparing Raman with XRD measurements using a phonon confinement model. 

6.1.1.1 X-ray diffractograms 

Fig. 83 shows the diffractograms of the multi-phase TiO2 thin films rf-diode sputtered at 

temperatures between 155 °C and 415 °C (after the B270 glass substrate diffractograms and the 

instrument backgrounds were subtracted from the measured diffractograms). A detailed view 

on the range of the anatase (101), the rutile (110), and the brookite (211) reflection (22° – 32°) 

is shown in the middle. On the right-hand side, the figure presents a detailed view on the range 

around the brookite (421) reflection (50° – 60°). Literature positions of anatase are marked by 

green solid lines, rutile by blue dashed lines and brookite by narrowly dashed orange lines.125–

127 The corresponding Raman spectra of the same samples are shown in Fig. 86. 
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Fig. 83: Diffractograms of multi-phase TiO2 thin films diode sputtered at temperatures between 155 °C 

and 415 °C after subtracting the B270 glass substrate diffractograms and the instrument backgrounds 

from the measured diffractograms. Left: whole range, mid: anatase (101) peak around 25.0° and rutile 

(110) peak around 27.2°, including the range around the brookite (211) peak position in literature at 30.8°. 

Right: range around the brookite (421) peak position in literature at 55.2°.125 

The anatase (101) reflection becomes more intense with increasing temperature while the 

rutile (110) peak is strongest at deposition temperatures between 200 °C and 275 °C and its 

intensity decreases with the temperature above 300 °C. 

Brookite has 62 hkl-reflections of which the strongest brookite peaks in literature are a 

(210)/(111) doublet at 25.4°/25.7° and the (211) reflection at 30.8°, followed by the (321) 

reflection at 48.1° and (421) at 55.2°.125 The position of the brookite (211) reflection is the only 

one of these peaks that is not superimposed by anatase or rutile reflections and is not visible in 

any of the measured diffractograms. In the diffractogram of the film deposited at 310 °C appears 

a peak at 55.2° that is narrower than the neighboring peaks. This peak can be attributed to 

brookite (narrowly dashed orange line), but is also close to the standard position of the anatase 

(211) reflection (solid green line). 

Yet, the fitting routine that was used for the decomposition of the X-ray diffractogram 

(see Fig. 57) implies strongly that this is a brookite peak. This is demonstrated in Fig. 84, which 

shows the thin film diffractogram of the film deposited at 310 °C (black), the simulated ‘fit’ 

TiO2 diffractogram (dashed red), the anatase (105) and (211) peaks (solid green), the rutile 

(211) and (220) peaks (dashed blue), and the brookite diffractogram (narrowly dashed orange). 
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Fig. 84: Diffractogram of a diode sputtered multi-phase TiO2 thin film deposited at 310 °C (black), the 

simulated ‘fit’ TiO2 diffractogram (dashed red), the anatase (105) and (211) peaks (green), the rutile (211) 

and (220) peaks (dashed blue), and the brookite diffractogram (orange). 

The peak positions of anatase and rutile were manipulated only by the lattice parameters, 

a and c, over the whole range of the measurement (22° to 87°) and the brookite diffractogram 

was simulated by a rigid routine as described in chapter 3.3.3.3. 

Fig. 85 shows the lattice parameters, a and c, of anatase and of rutile as well as the unit 

cell volume of anatase, rutile, and brookite. Lines are added to guide the eye. The unit cell 

volumes of anatase and rutile follow from the lattice parameters, a and c. The brookite lattice 

volume was determined from all brookite-like structures found in the diffractograms of the 

films deposited at 310 °C and 415 °C. 

 

Fig. 85: Left side: lattice parameters a and c of anatase and rutile in rf-diode sputtered TiO2 films on B270 

glass, right side: unit cell volume of anatase, rutile, and brookite. 
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The anatase lattice of the film deposited at 155 °C is distorted, with the lattice parameter 

a being 2% larger (3.88 Å) and c 2% (9.31 Å) smaller than the standard anatase values 

(a = 3.785 Å, c = 9.514 Å).147 Both lattice parameters relax and get close to the standard value 

with the deposition temperature increasing to 415 °C. The unit cell volume of anatase is 

(139.1 Å3), 2% bigger than the standard value, for all films deposited at temperatures above 

200 °C. 

The rutile lattice parameters of the film deposited at 155 °C are close to the values of 

rutile standard powder.147 The rutile lattice parameter a decreases insignificantly (from 4.64 Å 

to 4.63 Å) and stays around 101% of the standard value (a = 4.593 Å) while the lattice parameter 

c decreases from 100% to 98% (from 2.96 Å to 2.89 Å) with the temperature increasing to 

415 °C. The unit cell volume of rutile decreases with increasing deposition temperature from 

64.1 Å to 61.7 Å3 (102% to 99% of the standard value 62.409 Å3).147 

Brookite could not be detected in all diffractograms. Some peaks appear in the 

diffractograms of the samples prepared at 310 °C and 415 °C. All peaks found in the 

diffractogram of both samples were used to estimate the brookite unit cell volume 

(independently of the temperature). We estimated the unit cell volume of brookite to be around 

the literature value (257 Å3).125 

6.1.1.2 Raman spectra 

Fig. 86 shows the Raman spectra of rf-diode sputtered multi-phase TiO2 thin films 

deposited at substrate temperatures between 155 °C and 415 °C (after the B270 glass substrate 

spectra were subtracted from the measured spectra). A detailed view on the range of the anatase 

Eg(1) peak (100 cm-1 – 200 cm-1) is shown in the middle. On the right-hand side, the figure 

presents a detailed view on the range that shows most TiO2 Raman peaks (100 cm-1 – 700 cm-1). 

The spectra are shifted apart by 10 cm-1 on the Raman intensity axis. Standard positions of bulk 

material are shown for the anatase Eg peaks, B1g peak, and the A1g/B1g doublet (green solid 

lines), for the most intense brookite (narrowly dashed orange lines), and for the A1g and Eg 

rutile peaks (blue dashed lines). The corresponding X-ray diffractograms of the same samples 

can be found in Fig. 83. 
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Fig. 86: Raman spectra (633 nm) of multi-phase TiO2 thin films rf-diode sputtered at temperatures 

between 155 °C and 415 °C after subtracting the B270 glass substrate spectra from the measured spectra. 

Left: whole range, mid: anatase Eg peak, right: detailed view in the range of 100 cm-1 – 700 cm-1. All 

spectra are shifted upwards on the intensity axis in steps of 10 cm-1. Vertical lines indicate standard peak 

positions of each anatase (green) and the most intense brookite (narrowly dashed orange) and rutile 

(dashed blue) peaks. 

The Raman spectrum of the sample deposited at 155 °C is mainly amorphous and the 

peaks of the crystalline phases become sharper and more intense with increasing deposition 

temperature – except for the rutile peaks which become less intense at deposition temperatures 

above 300 °C. The anatase Eg peak is strongly blueshifted and relaxed slightly with deposition 

increasing temperature. The main peaks of anatase, brookite, and rutile are clearly distinct by 

eye at temperatures above 250 °C. 

Raman peak positions (in relation to standard values) and shifts are presented in Fig. 87 

for the anatase Eg(1) (143 cm-1), B1g (399 cm-1), A1g+B1g-doublet (514 cm-1), the brookite 

A1g (155 cm-1), A1g (247 cm-1), and the rutile Eg (447 cm-1), A1g (612 cm-1) vibrations. 

Increasing deposition temperature from 155 °C to 415 °C is indicated by arrows. 
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Fig. 87: Raman peak shifts (in relation to standard values) vs. (full) widths of various anatase, brookite, 

and rutile peaks in Raman spectra of diode-sputtered multi-phase TiO2 thin films measured with a 633 nm 

laser. Increasing deposition temperature from 155 °C – 415 °C is indicated by arrows. 

All peaks become sharper with increasing deposition temperature. This indicates an 

increase in crystallite size, which is also supported by an increase of the optical band gap with 

the deposition temperature reported above. The effect of the deposition temperature on Raman 

line width is about half as strong (factor 1.4) than on XRD peak width (factor 2.5). Crystallite 

sizes are discussed below. 

6.1.1.3 Crystallite size and defect density 

Crystallite sizes were determined by evaluating X-ray diffractograms (and Raman 

spectra) and the defect density was estimated by comparison of Raman with XRD 

measurements. An upper limit of grain sizes were determined by SEM for the film deposited at 

200 °C. The grain size or particle size found by SEM is usually bigger or the same size than the 

crystallite size determined by XRD or Raman. Two main reasons are discussed in literature. On 

the one hand, grain structures or particles which are visible in SEM images might consist of 

several crystallites. On the other hand, defects within the crystallites lower the correlation 

length and lower the sizes determined by XRD and especially Raman.99,148–152  

Simplified, SEM gives an upper limit while Raman and XRD provide lower limits of 

crystallite sizes. Furthermore, one can gain information on defect density when crystal sizes 

from SEM, XRD, and Raman are compared. 

Fig. 138 in chapter 7.1 shows an SEM image of a polycrystalline rf-diode sputtered TiO2 

film (deposited at 200 °C) in 200 k magnification taken at a working distance of 6.0 mm with 

an acceleration voltage of 30 keV. Grains are visible with grain sizes of 10 nm – 40 nm and an 

average grain size of 18 nm. The particles are arbitrarily distributed and around half of the 
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visible area is amorphous. An evaluation of smaller grains would need higher magnification, 

for which the samples would have been coated with a conducting film. A conducting Pt layer 

was added, but it was nanostructured, which made it impossible to distinguish between the TiO2 

film and the extra coating. We therefore focus on the comparison of grain sizes as determined 

by XRD and Raman only. 

The crystallite sizes as determined by Scherrer (see chapter 1.4.5.2) are similar for anatase 

and rutile and they increase ca. from 6 nm to 16 nm with the deposition temperature increasing 

from 155 °C to 415 °C (see the discussion on Fig. 89). 

The Scherrer method neglects strain, and the measured X-ray diffractograms of the multi-

phase films are too complex to provide suitable information for methods that consider strain, 

such as the Williamson-Hall plot. Furthermore, peak asymmetry is neglected in the fitting 

routine of the multi-phase Raman spectra. Thus, we cannot differentiate between asymmetric 

broadening due to crystallite size or inhomogeneous strain and symmetric broadening caused 

by other actors. Because of this, stress/strain is not considered in the evaluation of both, the 

Raman spectra and the X-ray diffractograms. 

In the following chapters, the q vector relaxation model (or phonon confinement model) 

is presented and then applied for the Raman peak parameters in combination with the crystallite 

sizes as determined by XRD.  
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6.1.1.4 Q-vector relaxation models 

We determined crystallite size from Raman measurements with the q vector relaxation 

model (QVRM) – also referred to as phonon confinement model (PCM) or spatial correlation 

model (SCM). The model allows to estimate crystallite sizes from Raman peak position, width, 

(and asymmetry). 

For anatase, the Eg(1) peak provides the most intense signal, and thus gives the most 

reliable values for peak position and width fitting. It is furthermore the most discussed peak in 

literature concerning the QVRM. We therefore focus on the Eg(1) peak in this study. 

The QVRM describes nanocrystals as an intermediate state between an infinite crystal 

and amorphous material.86 In an infinite crystal, conservation of phonon momentum requires 

that only optic phonons near the center of the Brillouin zone (q ≈ 0) contribute to first-order 

Raman scattering, which is called the selection rule.153 In amorphous material, the interatomic 

bonding forces are similar to those in crystals. Yet, due to the lack of long-range order the q-

vector selection rule breaks down and the Raman spectra are described in literature to resemble 

the phonon density of states.70 

In nanocrystals with a diameter L, the periodicity of the lattice is interrupted at the surface 

and the phonon wave function decays to a small value at the crystal boundary, and the phonon 

gets confined inside the crystal. This causes an uncertainty in phonon momentum and the 

selection rule becomes ‘relaxed’ and, thus, a range of q-vectors contribute to Raman scattering: 

 𝛥𝑞 ~ 
2𝜋

𝐿
. (85) 

This results in Raman peak shift and asymmetric broadening. Richter et al. described the 

Raman intensity of confined phonons with a Gaussian confinement model for spherical 

particles,154 which has been extended by Campbell and Fauchet for columnar structures and 

thin films.80 This model has been used extensively with a Gaussian weighting function to 

describe the Raman intensity profile I(ω) of nanocrystals, including TiO2:
78,155 

 𝐼(𝜔) = ∑ ∭
𝑒
(−
𝑞²𝐿²
4
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[𝜔−𝜔𝑖(𝑞)]
2+(
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2
)2
𝑑³𝑞

𝐵𝑍
2
𝑖=1 , (86) 

with the wavevector q, the nanocrystals with the diameter (or correlation length) L, the 

phonon dispersion curve ω(q), and the linewidth of the zone center phonon Γ0 of bulk material 

(e.g. 7 cm-1 for the anatase Eg mode at d0 = 143 cm-1 at room temperature). 
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Two empirical formulas, equation (87) and later, additionally (88), have been introduced 

to describe the effect of phonon confinement on Raman peak widths and positions:151,156 

 𝛤(𝐿) = 𝛤0 + 𝑘1 ∙ (
1

𝐿
)
𝛾1
, (87) 

 𝑝(𝐿) = 𝑝0 + 𝑘2 ∙ (
1

𝐿
)
𝛾2
, (88) 

with full peak width Γ(L), peak position p(L), crystallite size L, and width-vs.-size scaling 

exponent γ1,2. The formulas had been established for the classification of the behavior of Raman 

line shape as compared to optical measurements, such as TEM or SEM. Yet, in literature, it is 

used also for the comparison with crystallite sizes that were determined indirectly by other 

methods, such as XRD.78,86,153,155–157 

The scaling exponent γ1 was found to be around 1.5 in 3D covalently bonded 

semiconductors and around 1.0 in 2D or layered materials, such as graphite or BN. Thus, it 

should be 1.5 for spherical TiO2 nano crystals. When the shapes of the crystals are rather 

columns than spheres, γ1 can become as low as 1.0 instead of 1.5 for example in Si. Zhu et al. 

suggest that defects, such as oxygen vacancies, might lower the scaling factor to γ1 = 1.32 and 

γ2 = 1.29 for their TiO2 nano crystals.155 Kelly et al. found γ1 as 1.55 in aerogel anatase.153 

Werninghaus et al. suggested that a high density of defects (such as stacking faults, 

impurities, or dopants), within a crystal causes the same or similar effects in Raman line shape 

as small crystallite sizes: shift of the peak position, increase of width and asymmetry as well as 

a decrease of intensity – which are all caused by decreasing correlation lengths. Thus for real 

crystals, L is rather the correlation length than the actual crystallite size in equations (85), (87), 

and (88).152 

Iida et al. suggested that Raman should be more sensitive to such defects (that occur 

additionally to grain boundaries) than XRD.151 Their correlation curves of Raman peak width 

vs. crystallite size as determined by XRD (Scherrer method) varied for two sets of TiO2 

nanoparticles that were synthesized in different ways. The corresponding graphs are shown in 

Fig. 187 in the appendices. When defects affect XRD reflections to a smaller degree than Raman 

peaks, samples with a high defect density move the correlation curve upwards in such a plot of 

Raman peak width vs. the particle sizes as determined by XRD (Scherrer) (in Fig. 187).151 

Assuming that the defect density depends on the way that samples are synthesized, they 

treated the bulk peak width Γ0 as a variable that depends on the defect density. They postulated 

γ1 = 1.5 and fitted the constants constant k1 and the bulk peak width Γ0 to their data using least 

squares regression. For the two sets of samples, they determined k1 as 200 nm1.5/cm-1 or 
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170 nm1.5/cm-1 and Γ0 as 8.1 cm-1 or 6.5 cm-1. Yet, the analysis did not consider peak position 

and the lower value of Γ0 (6.5 cm-1) is below the standard peak width of bulk anatase at room 

temperature (7 cm-1).9 

Later studies expected an increase in defect density (for example oxygen vacancies) with 

decreasing anatase nanoparticle size which is caused by a higher volume-to-surface ratio.78,157 

The formulas (87) and (88) were modified by treating Γ0 to and p0 as constants; and a factor α 

was introduced, which can be understood as a degree of confinement80,154  

The constants k1 and k2 were then replaced by A1∙α and A2∙α. The resulting formulas were 

successfully implemented in literature:86,153,155,158,159 

 𝛤(𝐿) = 𝛤0 + 𝐴1 ∙ (
𝛼

𝐿
)
𝛾1
, (89) 

 𝑝(𝐿) = 𝑝0 + 𝐴2 ∙ (
𝛼

𝐿
)
𝛾2
. (90) 

The constants A1, A2 and α have to be found before we can use equations (89) and (90) 

for the peak parameters found in our Raman spectra. Also, the scaling exponent γ can vary 

between different sets of samples. This causes a certain arbitrariness in the evaluation of the 

equations – a problem that the PCM generally has to face.83 

The parameter α has a value of α = 4 in the Richter phonon confinement model for Si 

nanocrystals,154 and α = 8π² ≈ 79 in the Campbell model for strongly confined phonons in ZnO2, 

CdSe, c-BN nanocrystals where only a few atoms in the central part of the crystal can vibrate.80 

It was found to be around 30 for TiO2 by Zhu et al.155 They set p0 to 143 cm-1 and Γ0 to 7 cm-1 

and determined A1 = 27.0 and A2 = 12.7 (in nm scale) for their samples of nanocrystals that 

were mainly anatase and additionally contained brookite and rutile. Note: Zhu et al. calculate 

with crystal sizes in Å but describe their results in nm, which can lead to a confusion by a factor 

of 10 in the confinement model.155 

6.1.1.5 Application of the QVRM 

Fig. 88 presents the anatase Eg(1) Raman peak positions versus their widths of this work 

(green squares) in comparison with literature values: filled diamonds153, hollow squares160, 

filled triangles161, filled circles162, and values marked by letters86. A linear QVRM correlation 

suggested by Kelly et al. is shown in gray.153 Parts of a figure of Swamy et al.163 are copied into 

the figure. 
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Fig. 88: Anatase Eg(1) Raman peak positions and widths of diode sputtered TiO2 thin films on B270 glass 

(green) compared to literature values (black), a straight trendline of Kelly et al.153 (gray) and the QVRM 

used in this work (red) with A1 = 28.8, A2 = 10.2, and γ2 = 0.63 ∙ γ1. The position (143 cm-1) and width 

(7 cm-1) of bulk material at room temperature are marked by dashed black lines. Parts of a figure of 

Swamy et al.163 are copied into the figure 

Most of the displayed literature data points show a linear relationship of peak position 

and width below 20 cm-1 and a kink at 20 cm-1 (especially for thin films of Barborini et al., 

which contain anatase as well as rutile).162 This kink is confirmed by our data, supporting a 

relationship different from the linear one of Kelly et al.153 (gray line). Thus, for most of the 

displayed data, the peak position increases less than proportionally to the peak width. This is 

also predicted by the phonon confinement model of Bersani77,90 and Ivanda77,164. 

Ager et al. pointed out that there are effects that result in an increase of Raman peak 

widths but do not change the positions, for example a variance in lattice size or in crystallite 

size, a stress gradient within the crystallites, or thin film-substrate interaction.82 An 

inhomogeneous distribution of stress82 or stoichiometry83 can cause peak broadening without 

resulting peak shifts. 

Considering that such effects occur additionally to size effects, we fit a trendline that 

follows our data. We therefore suggest to use an effective scaling factor of the peak position γ2 

that differs from the scaling factor of the peak width γ1. Otherwise a plot of p(L) vs. Γ(L) 

(equation (89) vs. (90)) would result in a straight line. 

Our measurements were performed at room temperature, for which the Eg(1) peak has a 

position d0 of 143 cm-1 and a full width at half maximum Γ0 of 7 cm-1 in bulk material.9 A least 

squares fit of the empirical QVRM equations (89) and (90) to our data points gives A1 = 28.8, 

A2 = 10.2, and γ2 = 0.63 ∙ γ1. The resulting trendline is presented in Fig. 88 as a red line. 
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Presuming that the crystallites in our films are not perfect spheres, we postulate γ1 = 1.40, 

which is a value between those determined (or postulated) by Zhu et al., Kelly et al., and Iida 

et al.151,153,155 This results in an effective peak position scaling factor of γ2 = 0.88. 

We will now use these values and resolve equations (89) and (90) to the crystallite size 

L, with the Eg peak width Γi, and pi with the Eg peak position pi for each sample deposited at a 

substrate temperature of Ti. with T1 = 155 °C, T2 = 200 °C, T3 = 275 °C, T4 = 310 °C, and 

T5 = 415 °C. This results in: 

 𝐿𝛤𝑖 = 𝛼 ∙ (
𝐴1

𝛤𝑖−𝛤0
)
1/𝛾1

, (91) 

 𝐿𝑝𝑖 = 𝛼 ∙ (
𝐴2

𝑝𝑖−𝑝0
)
1/𝛾2

. (92) 

The Eg peak width Γi and position pi used here, were provided for each sample by the 

fitting routine for multi-phase films (presented in Fig. 87 in chapter 6.1.1.2). The further 

variables are already determined except for the parameter α, which is now altered by a 

simultaneous least squares fit of LΓi and Lpi against the corresponding crystallite sizes as 

determined by Scherrer (from XRD) for each sample: 

 𝑚𝑖𝑛 (∑ (𝐿𝐿𝑝𝑖
− 𝐿𝑖𝑆𝑐ℎ𝑒𝑟𝑟𝑒𝑟)

2

+ (𝐿𝛤𝑖 − 𝐿𝑖𝑆𝑐ℎ𝑒𝑟𝑟𝑒𝑟)
25

𝑖=1 ). (93) 

From this results α = 56 for the rf-diode sputtered TiO2 films of this study. A plot of the 

Raman Eg(1) peak widths vs. the crystallite size as determined by XRD is presented as open 

green squares in Fig. 89 (A) and the same values in Fig. 89 (B) and a plot of Raman Eg(1) peak 

positions vs. the crystallite size as determined by XRD in Fig. 89 (C). Values corresponding to 

the QVRM (equations (89) and (90)) with α = 56 are added as a red line. As mentioned earlier, 

α = 30 is considered the value for ‘defect free’ TiO2 crystals155. Graphs of the QVRM used here 

with α = 30 are presented as light blue lines.  

For a comparison with literature values, parts of the above mentioned figure of Iida et 

al.151 (see Fig. 187 in the appendices) are added to Fig. 89 (A), and figures of Swamy et al.86 

are added to Fig. 89 (B) and (C). 
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Fig. 89: (A) & (B): Anatase Eg(1) peak width vs. crystallite size (from XRD), (C): anatase Eg(1) peak 

position vs. crystallite size (from XRD). The crystallite sizes are as determined by XRD the peak position 

are fitted by the Raman fit models for multi-phase TiO2. Values of this study are represented by open 

green squares. Trendlines as predicted by equations (89) and (90) with α = 30 (light blue), α = 56 (red) are 

added. (A) is a comparison with a figure of Iida et al.151, their trendlines are black. Horizontal and vertical 

dashed lines are added at 5.4 nm, 7.5 nm, and 10 nm. (B) & (C) are comparisons to figures of Swamy et 

al.86 Values of Swamy et al. are marked by letters A-E. The QVRM trendlines of Kelly et al.153 in (B) and 

(C) are dark blue. 

The red QVRM graphs for α = 56 describe our data well, except for the samples deposited 

at 155 °C and 200 °C, which have the highest errors in the peak fitting of XRD as well as 

Raman. The graphs are closer the widths of Swamy’s samples B, C, and D and describe all of 

their peak positions (marked by letters in Fig. 89 (B) and (C)) better than the graphs of Kelly et 

al. for defect free crystals. 

The light blue QVRM graphs for α = 30 in Fig. 89 (A) is in most parts identical to the 

lower curve of Iida et al. below crystallite sizes of 10 nm and fits better than their graph to the 

data of the samples which they consider to be close to defect free crystals (filled black squares). 

A thin blue line for α = 40 is added to the figure using equation (89), which describes the data 

of their set of disordered samples (filled black triangles) also better than their black line 

calculated by equation (87). 

This supports the assumption that the extended empirical QVRM equations (89) and (90) 

are more accurate than the simpler equations (87) and (88), which do not consider an increase 

of defects arising from a higher fraction of surface atoms. 

The same light blue graph for α = 30 is also shown in Fig. 89 (B) and is nearly identical 

with the QVRM graph for peak width of Kelly et al.153 (purple line) above a crystallite size of 

5 nm, and thus also describe the values of Kelly et al. (filled diamonds) well. 

Yet, the values of nanoparticles by Bersani et al. (open circles in Fig. 89 (B) around a 

crystallite size of 12 nm), which they consider defect free, are below the graph of Kelly et al. 
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The same accounts for the values of Lei et al.161 (filled triangles in Fig. 89 (B) and (C)). Thus, 

the actual value of α for defect free nanocrystals might by be below 30. 

The light blue graph for α = 30 in Fig. 89 (C) calculated with equation (90) does not fit 

with the QVRM trendline of Kelly et al. that predicts the positions of defect free crystallites 

(where γ2 = γ1). γ2 should be equal to γ1 in defect free crystals. This is not the case in our films. 

Thus, the light blue line does not provide values for defect free crystallites in Fig. 89 (C). It is 

presented anyway to illustrate a trendline that would result from α = 30 for γ2 = 0.88. 

The crystallite sizes of anatase estimated from XRD using Scherrer (green crosses) and 

from Raman using equation (91) (light green squares) and (92) (medium green squares) are 

presented in Fig. 90. The crystallite sizes of rutile as determined by XRD and Raman are 

presented by blue crosses and pyramids, respectively. 

Rutile crystallite size was estimated from peak widths of the A1g and Eg mode predicted 

by a PCM of Mazza et al.48 The rutile peak positions do not follow the trends predicted by the 

phonon confinement model (see Fig. 188 in the appendices), which indicates that the peak shift 

is strongly affected by aspects other than crystallite size. These are most likely strain (because 

the lattice is distorted and unit cell volume changes with the deposition temperature, see chapter 

6.1.1.1) and defects (because we determined a high defect density also for anatase). 

 

Fig. 90: Crystallite sizes of anatase (left-side) and rutile (right-side) as determined by XRD using the 

Scherrer formula (marked by crosses connected with dashed lines) and by Raman using models for 

phonon confinement: anatase estimated from Eg(1) peak width using equation (91) (light green squares) 

and Eg(1) peak position (92) (medium green squares), rutile estimated by PCM of Mazza et al.48 

The crystallite sizes of anatase and rutile as determined by XRD and Raman show 

increasing trends with the deposition temperature. As mentioned in chapter 6.1.1.3, the sizes as 

determined by Scherrer are similar for anatase and rutile and they increase from around 6 nm to 



 

191 

 

16 nm with the deposition temperature increasing from 155 °C to 415 °C. Due to the QVRM 

calculations, the anatase crystallite sizes as determined by Raman is in the same range, and they 

are very similar for the values determined from peak widths and from positions. Yet, the 

increase (from 9 nm to 13 nm) is smaller as compared to XRD. 

The rutile crystallite size as determined from the Eg and A1g Raman peak widths 

increases from below 2 nm to 3 nm (Eg) or 4 nm (A1g). The values for the films deposited at 

155 °C and 200 °C are rough extrapolations from the trend of the PCM (cf. see Fig. 188 in the 

appendices), but they are actually below the minimum values the PCM is applicable for. The 

discrepancy between the crystallite sizes determined from XRD and Raman might be a hint that 

XRD overestimates the crystallite size or that massive Raman peak broadening occurs 

additionally to grain size effects. Both is plausible, because on the one hand, the average 

crystallite size as determined from Raman is so small that a considerable amount of rutile 

crystallites could be X-ray amorphous. On the other hand, likewise anatase, the rutile phase 

could have a high defect density – which was not considered in the evaluation of the rutile 

crystallite size by Raman. 

The crystallite size of brookite was determined by only XRD because we could not find 

literature on phonon confinement in brookite crystals. The brookite crystallite size was 

determined to be 60 nm in the films deposited at 310 °C and 415 °C. 

6.1.1.6 Defect density 

The defect density ρdef is often defined as: 

 𝜌𝑑𝑒𝑓 = 𝑁 ∙ (
𝐷

𝐿
)
3

, (94) 

with the approximate number N of crystallites per cm³, the grain size D (mostly obtained 

from an SEM image) and the correlation length L obtained from a Raman spectrum. Iida et al. 

suggested to calculate the defect density of the two black regression curves in Fig. 89 (A) as 

follows. The lower curve (black squares) is postulated as being close to the ideal case for which 

the correlation length L is equal to the crystal size D. Then the defect density for a 10 nm crystal 

(or particle) would be 1.0 ∙ 1018 cm-3. If then a horizontal line is drawn through the upper curve 

(triangles) starting at 10 nm, it cuts the lower curve at 7.5 nm (dashed gray line). This results in 

a defect density ratio of (10)³/(7.5)³ = 2.4 and ρdef = 2.4 ∙ 1018 cm-3. 

If we apply the same for our QVRM with α = 56 (red line), a horizontal line starting at 

10 nm cuts the lower black line at 5.4 nm, which results in a defect density ratio of 
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(10)³/(5.4)³ = 6.5 as (supposedly) compared to an ideal nanocrystal. This would be a defect 

density in the diode sputtered anatase content ρdef,DS of 

 𝜌𝑑𝑒𝑓,𝐷𝑆 = 6.5 ∙ 10
18𝑐𝑚−3. (95) 

In a plot of Raman peak width (or shift) vs. crystallite size, an increase of the parameter 

α moves the graph upwards. An upwards shift in such a plot is a measure of disorder according 

to Iida et al.151 

We therefor consider defining parameter α as α = α0 + αdef, which we treat as a measure 

for disorder, with the material specific degree of confinement α0 and a parameter for the defect 

density αdef. We then roughly estimate the average defect distance in a nanocrystal of size L by 

or likewise the average number of defects ndef in a nanocrystal (in one dimension): 

Crystallite sizes are usually given in one dimension (for example x nm instead of a cube 

of (x nm)³ or a sphere of 4/3 π (x/2 nm)³). Therefore, to us it is more convenient to treat defects 

in the same manner. It is not clear if defects distances cause the exact same amount of Raman 

peak broadening as crystallite size, but for an estimation of the number of defects in a 

nanocrystal we assume that it is roughly in the same scale. If we interpret the correlation length 

as the average distance between defects Ldef, the number of defects ndef inside a crystal of a 

given size Lcrys is ndef = Lcrys/Ldef. Then equation (89) can be written as 

 𝛤(𝐿𝑑𝑒𝑓) = 𝛤0 + 𝐴 ∙ (
𝛼0

𝐿𝑐𝑟𝑦𝑠
𝑛𝑑𝑒𝑓
⁄

)

𝛾1

, (98) 

with the degree of confinement α0 = 30 for a perfect TiO2 crystal in a crystallite with size 

Lcrys that contains ndef defects with average defect distance Ldef. From equations (89) and (98) 

follows that the number of defects ndef is the quotient of α/α0. Thus, we estimate the number of 

defects in the rf-diode sputtered films as: 

𝐷𝑑𝑒𝑓 =
𝛼0
𝛼𝑑𝑒𝑓

∙ 𝐿, (96) 

𝑛𝑑𝑒𝑓 =
𝛼𝑑𝑒𝑓

𝛼0
. 

(97) 
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 𝑛𝑑𝑒𝑓 =
𝛼

𝛼0
=
56

30
≈ 2. (99) 

Which are in average two defects inside of a nanocrystal (or 2³ = 8 defects in three 

dimensions). 

We suggest to extend equations (89) and (90) by α = ndef ∙ α0, which results in equations 

(100) and (101): 

These formulas assume that defects (such as stacking errors, interstitials, and so on) alter 

Raman peak parameters to the same degree as crystallite sizes. Future studies should focus on 

the amount of peak broadening (and shift) that arise from defects (stacking, interstitials, …) as 

compared to crystallite sizes. This could result in a weighting factor or scaling exponent that 

has to be added to the equation. 

6.1.1.7 Diode Sputtered films – connection between quantitative and qualitative Raman and 

XRD studies 

Inhomogeneous stress distribution82 or compositional defects cause anharmonic decay of 

optical phonons into two or more phonons with lower energies, which decreases the phonon 

lifetime and results in peak broadening.165 A decrease in lifetime should result in a decrease of 

the measured Raman intensity. 

Thus, for a given crystallite size, an increase of Raman peak width and a decrease in 

Raman intensity can be indicators of an increase of the defect density. The high defect density 

estimated for the rf-diode sputtered TiO2 films in chapter 6.1.1 correlates with a relatively low 

Raman intensity as compared to e-beam coated films (see chapter 5.5). 

Hence, the findings of the quantitative studies in chapter 5 and the qualitative studies in 

chapter 6 provide complementary information about the same phenomenon. 

6.1.1.8 Conclusions 

We used Raman, XRD and SEM to determine grain size, lattice parameters, crystallite 

size, and to estimate defect density in rf-diode sputtered multi-phase TiO2 thin films on B270 

𝛤(𝐿) = 𝛤0 + 𝐴1 ∙ (
𝑛𝑑𝑒𝑓 ∙ 𝛼0

𝐿
)
𝛾1

, 
(100) 

𝑝(𝐿) = 𝑝0 + 𝐴2 ∙ (
𝑛𝑑𝑒𝑓 ∙ 𝛼0

𝐿
)
𝛾2

. 
(101) 
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glass (produced in the master’s thesis of M.Sc. Jingyi Shi, and in this work by the author). Films 

are already compact after deposition for 2 minutes with a thickness of 3 nm – 4 nm. 

The anatase Raman peaks are wider than expected from the crystallite size determined by 

X-ray diffraction: a trendline of anatase peak width (or peak position) vs. the crystallite size 

(determined by XRD) is higher than would be expected from perfect crystals. We interpret this 

by a high defect density which affects the phonon vibrations but reduces the coherence length 

of X-ray diffraction to a lesser extent. The defects are probably incorporated by ion 

bombardment during the coating process. 

We suggest to introduce a new parameter ndef = α/α0 to the QVRM, with the defect density 

ndef as a degree for the approximate number of defects inside a crystal, the degree of 

confinement α resulting from the trendlines of peak width (or peak position) vs. the crystallite 

size, and the material specific degree of confinement α0. The estimated defect density in our 

samples is twice as high as would be the case for defects occurring at surfaces of perfect crystals 

of the same size. 

The assumption of a high defect density is supported by the results of the quantitative 

evaluation of the Raman spectra and X-ray diffractograms. The ratio of Raman intensity to 

XRD intensity IRaman/IXRD of the diode-sputtered films is smaller than IRaman/IXRD of the e-beam 

samples – by a factor of two. Defects (like grain boundaries or point defects) reduce the number 

of phonons that contribute to a Raman spectrum. 

The defects affect the peak shift to a smaller degree than the peak width (the scaling factor 

γ2 is smaller than γ1). Therefore, the low peak shift could result from point defects with 

counteracting influence on the peak position or from stress. These defects could be a 

combination of vacancies and interstitials, for example. 

At low substrate temperatures, the anatase lattice is distorted (with large lattice parameter 

c and small lattice parameter a). The lattice parameters relax with increasing deposition 

temperature, but the unit cell volume stays 2% above the standard. All Raman peaks become 

narrower with increasing deposition temperature. Anatase and brookite Raman peak positions 

approach the standard. 

The lattice of the rutile phase is closer to the ideal value at low temperatures, but c 

becomes smaller (tension) with increasing deposition temperature. The rutile Raman A1g peak 

(in c-direction) experiences a blue shift towards the ideal position, while the Eg peak (in a-

direction) undergoes a red shift, away from the ideal position. 

The anatase crystallite size increases from 7 nm to 14 nm with deposition temperature 

increasing from 155 °C to 415 °C as determined by Raman and XRD. Rutile crystallites with a 
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size of 2 nm (according to Raman) already show crystalline Raman vibrations, while they still 

appear amorphous in X-ray diffraction.  
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6.1.2 Structural, electrical, and optical properties of Nb doped e-beam evaporated TiO2 films 

In this chapter, we study the influence of Nb doping onto structural and electrical 

properties of the same e-beam evaporated TiO2 thin films that are qualitatively analyzed in 

chapter 6.1.2. This chapter focuses mainly on the discussion of X-ray diffractograms, Raman 

spectra, optical measurements and four-point-probe cd measurements. 

6.1.2.1 Stoichiometry 

The stoichiometries of the three sets of reactive e-beam coated films are TiO2 (“Nb0”), 

Ti0.92O2.25Nb0.08 (“Nb1”), and Ti0.84O2.25Nb0.16 (“Nb2”), as obtained from RBS measurements. 

These samples were annealed at 420 °C, 530 °C or 640 °C (B270 glass substrate), or 750 °C 

(fused silica substrate). A further set of samples was produced with a stoichiometry of 

Ti0.93O2.25Nb0.07. This set was annealed at 350 °C, 375 °C, 400 °C, 450 °C, and 500 °C. 

Nb/(Ti+Nb) ratios obtained from EDX differ by ± 0.01 as compared to the RBS values. 

The chemical composition did not change upon annealing. The oxygen content is over-

stoichiometric in the Nb-doped films. The same was reported by Atashbar et al.166 for sol-gel 

films by and Mukherjee et al.104 for sputtered films. Three additionally produced films have 

stoichiometric oxygen contents, with chemical compositions of TiO2, Ti0.95O2Nb0.05 and 

Ti0.84O2Nb0.16, and were post-heated at 350 °C. 

The B270 glass substrates consist of 62 at.% O, 27 at.% Si, 6 at.%, 3 at.% Na, and 

0.4 at.% Ba as obtained from RBS. 

6.1.2.2 Film thickness 

The as-deposited films are 300 nm (TiO2) and 235 nm (Ti0.92O2.25Nb0.08, Ti0.84O2.25Nb0.16) 

thick, as determined by profilometry, optical NIR-UV-VIS spectroscopy, RBS, and SEM. The 

films become more compact with the annealing temperature and decrease to 95% of the initial 

thickness for all three Nb contents (Nb0, Nb1, Nb2). The thicknesses obtained by RBS agree 

well with the average thicknesses measured by SEM and profilometry, while thicknesses 

obtained by optical spectroscopy are 5% higher. 

6.1.2.3 XRD  

Fig. 91 shows the diffractograms of the e-beam coated Nb0 (green), Nb1 (blue), and Nb2 

(red) films measured in grazing-incidence (7°) geometry after decomposition of the measured 

diffractograms into thin film and substrate (plus background), see chapter 4.2.1. 
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Fig. 91: Grazing-incidence (7°) diffractograms of TiO2, Ti0.92O2.25Nb0.08, and Ti0.84O2.25Nb0.16 (shifted on the 

intensity axis in steps of 1.5 kcps). 

The films are amorphous as-deposited and are crystalline after post-heating. The X-ray 

diffractograms of the films that are annealed at temperatures of 420 °C to 750 °C show 

reflections of all anatase crystal orientations.147 Traces of brookite and rutile are also visible, as 

can be seen in Fig. 92. 

 

Fig. 92: Grazing-incidence diffractograms (low intensity-range) of e-beam evaporated TiO2 films as-

deposited and post heated at various temperatures (not shifted). The powder standard positions of the 

anatase (101), rutile (110), and brookite (211) are marked by vertical dashed lines. 

The position of the brookite XRD doublet (strongest in powder brookite), consisting of 

(210) at 25.4° and (111) at 25.7°, is heavily superimposed by the anatase (101) peak. But at the 

position of the second main XRD brookite peak, (211) at 30.8°, a brookite-like nearest-

neighbor-coordination is visible in the diffractogram of the TiO2 film annealed at 420 °C, which 

disappears with increasing annealing temperature. 
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A rutile (110) reflection becomes increasingly visible with increasing annealing 

temperature, and is most pronounced in the diffractogram of the film on fused silica annealed 

at 750 °C. 

The broad amorphous underground decreases steadily with increasing annealing 

temperature. In contrast, in the diffractograms of the Nb-doped TiO2 films, no further 

crystallization takes place at temperatures above 420 °C (see figures Fig. 93 and Fig. 94). Clear 

signals of brookite and rutile are not visible. 

 

Fig. 93: Grazing-incidence diffractograms (low intensity-range) of e-beam evaporated Ti0.92O2.25Nb0.08 

films as-deposited and post heated at various temperatures (not shifted). The powder standard positions 

of the anatase (101), rutile (110), and brookite (211) are marked by vertical dashed lines. 

 

 

Fig. 94: Grazing-incidence diffractograms (low intensity-range) of e-beam evaporated Ti0.84O2.25Nb0.16 

films as-deposited and post heated at various temperatures (not shifted). The powder standard positions 

of the anatase (101), rutile (110), and brookite (211) are marked by vertical dashed lines. 
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At the beginning of the crystallization, the peaks of the TiO2 films in a-direction have a 

slight shift towards higher d-spacing while the peaks in c-direction have a strong shift towards 

smaller d-spacing and get close to the standard value at higher annealing temperatures. With 

higher annealing temperatures, the peaks shift closer to the standard value. This is most 

pronounced for the (004) orientation, which experiences the strongest shift of -1.3 pm as 

compared to the standard spacing of 237.8 pm after annealing at 420 °C and growths to a shift 

as small as -0.2 pm upon annealing at 640 °C. For the doped films, all peaks shift to smaller 

diffractions angles with increasing temperature. 

It is hardly detectable if traces of the Ti2O3 coating material are present in an anatase 

matrix by XRD because the positions of the strongest Ti2O3 peaks of standard powder, (012), 

(104), (110), (113), (024), (116), (214), (300) at 24°, 34°, 35°, 40°, 48°, 54°, 61°, and 62° are 

each superimposed by anatase peaks positions.147,167 Anyway, the Raman spectra reveal that 

Ti2O3 is not present in the films. 

6.1.2.3.1 Lattice parameters and unit cell volume 

The lattice parameters a and c are determined by a least-squares fit of the (hkl) positions 

that result from a and c versus the determined positions as described elsewhere.104 An example 

of such a fit is shown in Fig. 189 in the appendices. The lattice parameters and the resulting 

unit cell volumes are shown in Fig. 95. 

 

Fig. 95: Lattice parameters a and c, and unit cell volume V vs. annealing temperature 

The lattice of the undoped TiO2 film annealed at 420 °C is highly distorted. The lattice 

parameter a is 0.01 Å higher, the parameter c is 0.05 Å lower than the standard values of 3.785 Å 

and 9.514 Å, and both get closer to the standard values with increasing annealing temperatures 

and reach the standard when annealed at 640 °C. 

The lattice parameter a is 3.80 Å for the films doped with 8% Nb and 3.81 Å for the films 

doped with 16% Nb and are slightly growing with the annealing temperature for temperatures 
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up to 640 °C. The lattice parameter c is between 9.51 Å and 9.52 Å for the films with 8% Nb as 

well as 9.53 Å for the film with 16% Nb annealed at 420 °C and 9.54 Å for those annealed at 

higher temperatures. 

Both lattice parameters decrease in the films with 0% and 8% Nb when the annealing 

temperature is increased to 750 °C, while the lattice parameter c does not change and a increases 

further in the 16% Nb films. A phase transition from anatase nanoparticles to rutile is around 

800 °C.7,18 The decrease of the unit cell volume can be an indication that the binding energies 

begin to change in favor of a rutile formation at 750 °C. The high Nb content of 16% seems to 

hinder that trend. Rutile was found to become unstable with high Nb doping by Trenczek-Zając 

and Rekas, who found TiNb2O7 in sol-gel prepared polycrystalline rutile with Nb content above 

10%.31 

Nb5+ ions (64.0 pm) have a larger radius than Ti4+ ions (60.5 pm).32 According to Vegard’s 

“law” (or rather “approximation”)168, the lattice parameter should increase linearly with the Nb 

content incorporated into the Ti lattice sites. We compare the variation of the lattice parameters 

with the Nb content of the films that were annealed at 640 °C, because we consider those films 

to have the most relaxed lattice. Here, lattice parameters, a and c, both increase by ca. 0.17 pm 

per Nb-at.%, which follows Vegard’s Law. This is slightly below a trend of the samples of 

Furubajashi et al. (around 0.22 pm per Nb-at.%).56 When both lattice parameters are compared 

for each annealing temperature and the values are averaged, the lattice parameters increase by 

ca. 0.21 pm per Nb-at.%. The unit cell volume increases by 0.12% (or ca. 16 pm³) per Nb-at.%. 

The unit cell volume in the undoped TiO2 films is slightly smaller (0.1 Å³) than that of 

anatase in literature (136.3 Å³)147 after crystallization at 420 °C and gets closer to the literature 

value with increasing temperature. The decreasing strain correlates with the decreasing brookite 

content. This supports findings in literature: in a study of Rezaee, brookite that was attached to 

the {112} surface of anatase also disappears with decreasing strain with increasing annealing 

temperature.7 

6.1.2.3.2 Texture 

For the Nb-doped films, the (101) reflection is the strongest one, as is the case for standard 

powder samples. The undoped samples have a pronounced preference for c-oriented 

crystallites. The (004), reflection is the strongest one, but also (103), (105), (116) are stronger 

than in powder diffractograms. Texture is analyzed quantitatively in theta-theta geometry. Here, 

the (004) reflection is superimposed by signals from the substrate holder. We therefore compare 
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the peak intensity ratio I(105)/I(101) of the (105) and the (101) reflection with their ratio in standard 

powder diffractograms, which is displayed in Fig. 96. 

 

Fig. 96: Intensity ratio of the (105) and the (101) peak I(105)/I(101) in the X-ray diffractograms in relation to 

the I(105)/I(101) ratio in standard powder diffractograms vs. the annealing temperature. 

Growth in c-direction is strongly favored in undoped films. This trend increases with the 

annealing temperature. In contrast, the growth of c-oriented grains is suppressed in the Nb-

doped films. The relative intensity of the (105) reflection does not change with increasing 

annealing temperature in the diffractograms of the Nb-doped films which are coated on B270 

glass and annealed at 420 °C to 640 °C. It is highest in the diffractograms of the undoped and 

the Nb-doped TiO2 films on fused silica (annealed at 750 °C). 

For the undoped films, the peak intensity ratios I(105)/I(101) increases from 1.5 to 5 in θ-θ 

geometry as compared to the literature ratios of anatase powder.147 The trend is even stronger 

in grazing incidence geometry, where I(105)/I(101) increases from 2 to 10 with the annealing 

temperature. From this, we conclude that in the undoped films, c-orientated grains are more 

pronounced in horizontal direction. In chapter 6.1.2.4.1 we compare texture found in XRD and 

Raman. 

6.1.2.3.3 Crystallite size and strain 

The variation of the (101) peak widths with annealing temperature is shown in Fig. 190 

in the appendices. The peak width of the (101) reflex of the undoped films decreases from 0.4° 

to 0.15° with annealing temperature increasing from 420 °C to 750 °C. It is four times the width 

as compared to the Nb-doped films annealed at 420 °C and twice the width as compared to the 

undoped films annealed at 750 °C. Crystallite sizes that follow directly from these values as 

calculated with the Scherrer method are presented in Fig. 191. The resulting crystallite size of 
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the Nb0 films increases nearly linearly from 20 nm to 50 nm. It stays around 75 nm for the Nb1 

films and 80 nm for the Nb2 films on B270 glass and is 90 nm (Nb1) or 100 nm (Nb2) on the 

fused silica substrates annealed at 750 °C. 

Grain size was also evaluated using Williamson-Hall-Plots (in grazing incidence as well 

as in θ-θ geometry. Grain sizes as determined using Williamson-Hall-Plots are shown in Fig. 

97. 

 

Fig. 97: Average crystallite size of Nb0, Nb1, and Nb2 films according to Williamson-Hall plots vs. 

annealing temperature. 

In the undoped films, the resulting crystallite size increases linearly from around 35 nm 

to 80 nm with annealing temperature increasing from 420 °C to 750 °C. In the Nb-doped films, 

crystallite size is around 70 nm, independent of the Nb content, and it does not change upon 

annealing up to a temperature of 640 °C on B270 glass. The crystallite size is drastically 

increased (to 130 nm and 190 nm) in the Nb-doped films on fused silica substrates annealed at 

750 °C. The crystallite sizes determined by both methods have comparable trends, but the 

determined values differ by a factor of up to almost two. 

Fig. 98 shows the statistical microstrain as a function of the temperature, averaged over 

all crystalline orientations resulting from the Williamson-Hall-Plots. 
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Fig. 98: Strain of Nb0, Nb1, and Nb2 films as obtained from Williamson-Hall vs. annealing temperature. 

According to the Williamson-Hall plots, a strong tensile strain is reduced upon annealing 

in the undoped films, which correlates with the decreasing lattice distortion with the 

temperature. There is compressive strain in the Nb-doped films on B270 glass, independent of 

Nb content and it does not change with increasing annealing temperature on B270 glass, but is 

tensile in the films on fused silica annealed at 750 °C. 

Yet as one can see, the actual trend of the peak parameters in the Williamson-Hall plots 

does not follow the straight trendline. For example, the (101) peak at around 4∙sin(0.9) does not 

lie close to the line. A direct strain comparison of the (101) reflection with the (105) strong 

c-orientation) and the (200) (a-orientation) peaks is presented in Fig. 99. The presented values 

for strain are derived from ε = Δd/d0 (with Δd = dexperiment – dliterature). 

 

Fig. 99: Strain of θ-θ XRD (101), (105), and (200) reflections of Nb0, Nb1, and Nb2 films. 

As a general trend, the XRD peak positions are shifted linearly with increasing Nb 

content. A further trend is similar for all three peaks of the three sets of samples (especially for 

Nb1 and Nb2): strain shows an increasing trend with annealing temperature increasing from 
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420 °C to 640 °C and a decrease with temperature rising higher to 750 °C (and with the substrate 

material changing from B270 glass to fused silica). An exception is the Nb0 (101) peak, which 

increases further. 

Yet, for each doping concentration, there is an offset when the strain of the different peaks 

is compared. Furthermore, these trends behave not completely like the lattice parameters (cf. 

Fig. 95), which were from all X-ray reflections. Thus, strain estimation using the Williamson-

Hall method may be used for the determination of average strain, but it provides actual values 

only when it is performed on single crystalline orientations if peaks of various order (e.g. (200) 

and (400)) are available. 

The trends of strain of the single peaks shown in Fig. 99 with the annealing temperature 

is opposing to the behavior statistical microstrain found by the Williamson-Hall plot shown in 

Fig. 98. Thus, using the Williamson-Hall method with all XRD peaks simultaneously is 

inaccurate if the samples are textured. 

The findings suggest that strain as well as crystallite size differs for grains of different 

crystalline orientations. 

6.1.2.4 Raman spectra 

Fig. 100 shows the Raman spectra of Nb0 samples and Fig. 101 of the Nb1 and Nb2 

samples (as deposited at 250 °C, annealed at 420 °C, 530 °C and 640 °C). The spectra are as 

measured; thus, they include substrate and they are not shifted on the intensity axis. 

 

Fig. 100: Raman spectra of Nb0 films on B270 glass (not shifted). 

One can see that the all anatase peaks Eg(1) peak at 143 cm-1 of the Nb0 becomes stronger 

with increasing annealing temperature. The Raman intensity of the substrate gets stronger after 

the first crystallization of the Nb0 films and decreases with further annealing temperature. 
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Fig. 101: Raman spectra Nb1 and Nb2 films on B270 glass (not shifted). 

The B270 glass substrate spectra are similar for both Nb contents and become more 

intense with increasing annealing temperature. On can already see bye eye that the B1g peak 

becomes broader and strongly red shifted with increasing Nb content. 

The corresponding Nb0, Nb1, and Nb2 thin film Raman spectra plus the spectra of the 

films deposited onto fused silica annealed at 750 °C are presented in Fig. 102. The Raman 

spectrum of the Nb0 film on fused silica (annealed at 750 °C) was measured after a new Raman 

laser has been installed, which seem to have a higher intensity. The intensity of the measured 

signal was afterwards arbitrarily divided by a factor of 2 to be better comparable to the other 

spectra in the figure. 
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Fig. 102: Thin film Raman spectra (633 nm) of Nb0, Nb1, and Nb2 films; full range (left), Eg(1) peak 

(middle), detailed view on lower intensity ranges (right); each spectrum is shifted in steps of 4 units on the 

intensity axis (left and middle column) or 2 units (right column). 

Left column of Fig. 102: All thin film spectra consist of mainly anatase. Traces of brookite 

are found in the Nb0 spectra, which are most pronounced in the 420 °C film, and they diminish 

with increasing annealing temperature. Traces of rutile become visible in the Nb0 spectra with 

increasing annealing temperature. See the black line in Fig. 103 (top) for the traces of both 

phases (the spectra are not shifted on the intensity axis in that picture; colors of the spectra are 

the same than in Fig. 102). For details on the phase quantification, see chapter 5.4. 

No traces of the evaporation materials Ti2O3 or Nb2O5 are found in the spectra. The 

spectra of the coating materials (see Fig. 21 and Fig. 22) were added to the Raman models as 

reference spectra. This is not mentioned in chapters 3 and 4, because these materials do not 

contribute to the Raman spectra. 
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The Raman spectra of the Nb-doped films have significant lower intensity than the 

undoped ones and the peaks are broadened. The broadening and decrease in intensity are most 

probably due to decreasing phonon lifetime or a decrease in the phonon density of states caused 

by Nb atoms, oxygen interstitials or Ti vacancies. 

Middle column of Fig. 102: in the spectra of the undoped films (Nb0), all anatase peaks 

become more intense with increasing temperature. This is not the case in the Nb1 and Nb2 

spectra, here the peaks become only sharper, but not more intense. The Eg(1) peaks of the Nb-

doped films on fused silica that were annealed at 750 °C, are blueshifted. 

Right column of Fig. 102: also, the phase backgrounds of the Nb1 and Nb2 samples on 

fused silica that were annealed at 750 °C differ in their nature from those of the films on B270 

glass substrate annealed at lower temperatures. 

In the Raman spectra of the undoped films, the B1g peak at 399 cm-1 and the A1g/B1g 

doublet at 517 cm-1 (oscillations in c-direction) have about the same intensity than the Eg(3) 

peak at 639 cm-1 (oscillations in a-direction) – while they are weaker in anatase standard powder 

of Sigma-Aldrich.169 For further details, see the discussion of Fig. 107. 
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Fig. 103: Thin film Raman spectra (633 nm) of Nb0 (top), Nb1 (mid), and Nb2 (bottom) films – range of 

main brookite and rutile peak positions. The spectra are not shifted on the intensity axis. Colors of the 

spectra are the same than in Fig. 102. Brookite standard positions are marked by narrowly dotted orange, 

and rutile by widely dotted blue vertical lines. 
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6.1.2.4.1 Raman peak intensities 

Fig. 104 shows the variation of Raman peak intensities (area under the modeled 

Lorentzian peaks) with the annealing temperature. The Raman spectra are average spectra of 

Raman maps that include the 121∙121 = 14641 single spectra and thus take into account the 

distribution of crystals in the thin films. Each map contains several micrograins of varying 

crystal orientations (see the maps in 7.2). 

 

Fig. 104: Anatase Raman peak areas of e-beam evaporated Nb0, Nb1, and Nb2 films on B270 glass (and 

fused silica, 750 °C) vs. annealing temperature. The spectra of the Nb0 film annealed at 750 °C was taken 

with a newly installed laser. 

The Raman peak intensities of the undoped films increase steadily with increasing 

temperature. The intensities increase potentially with the annealing temperature up to 640 °C 

(probably also up to 750 °C: the increase of intensity from 640 °C to 750 °C is doubled as 

compared to the other temperatures, but the latter sample was measured with a newly installed 

laser, which might have caused a higher intensity). In contrast to the undoped films, the Raman 

peak intensities of the doped films do not show clear trends with annealing temperature. 

The peak intensity in relation to the Eg(1) intensities of the Nb0, Nb1, and Nb2 films is 

presented in Fig. 105. Ratios of the B1g peak at 399 cm-1 and the A1g/B2g-doublet intensities 

with the Eg(1) peak intensity of anatase nano particles prepared by hydrothermal method by 

Yan et al. are added as comparison to the ratios of the Nb0 films.170 
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Fig. 105: Raman Eg(3)/Eg(1) (pink), B1g/Eg(1) (green), and (A1g/B1g doublet)/Eg(1) peak intensity ratios 

of Nb0, Nb1, and Nb2 films. B1g/Eg(1) (gray crosses with solid line) and (A1g/B1g doublet)/Eg(1) (black 

stars with dashed line) intensity ratios of anatase nano particles by Yan et al.170 are added to the graph of 

the undoped TiO2 films. 

The intensity ratios are almost equally around 0.2 of the Nb0 films for Eg(3)/Eg(1) as 

well as for the c-oriented B1g/Eg(1) and (A1g/B1g doublet)/Eg(1), which is ca. twice the value 

of the ratios of Yan et al. In The Nb doped films, the Eg(3)/Eg(1) ratio (0.35) is higher and the 

(A1g/B1g doublet)/Eg(1) ratio (0.1) is lower as compared to Nb0. 

The Raman A1g mode corresponds to O anti-symmetric bending vibrations along the 

c-axis, the B1g modes to O—Ti—O symmetric bending vibrations along the c-axis, and the Eg 

modes correspond to Ti—O—Ti symmetric stretching vibrations along the a-axis. 

Thus, like in XRD, a preference of c-oriented signals of Nb0 as compared to the doped 

films is also found in Raman spectra. Fig. 106 gives a quantitative comparison of θ-θ XRD and 

Raman for signals in the direction of the lattice parameters, a and c. 

 

Fig. 106: Relative peak intensity ratios of Nb0, Nb1, and Nb2 films: θ-θ XRD (105)/(002) intensity ratio 

(left), Raman (B1g & A1g/B1g doublet)/Eg(3) (right) vs. the annealing temperature. The ratios are in 

relation to standard (XRD) and to Raman Sigma-Aldrich anatase powder.147,169 
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The given values are relative ratios as compared to ‘standard’ ratios in literature. The 

standard ratio of the intensity of the XRD (105) and (002) peaks is I(105)/I(002) ≈ 33/21 ≈ 1.6. A 

ratio higher than 1.6 results in a relative ratio higher than 1, which refers to a preferred growth 

of c-oriented grains. For the undoped films the ratio is I(105)/I(002) ≈ 4∙1.6, which is a relative 

ratio of Irel(105)/(002) ≈ 4. The relative ratio is below 0.5 for the doped films. Thus, in XRD, the 

growth in c-direction is strongly preferred, while a growth in a-direction is preferred in the Nb-

doped films. 

The same is done for Raman peaks. Here, we took the average intensities of both 

c-oriented ‘peaks’ (the B1g peak and the A1g/B1g-doublet) together and divided them by the 

intensity of the Eg(3) peak. The Eg(3) peak was chosen as comparison, because it is similar in 

the spectra of two literature samples, which we consider representative for anatase Raman 

spectra. The ratio of the average A&B peak intensities and the Eg(3) peak intensity is around 

0.5 for Sigma-Aldrich anatase powder (taken with a 785 nm laser),169 as well as for RRUFF-ID 

R070582 (532 nm and 768 nm, unoriented), which we used to build the anatase phase 

background models in chapter 3.1.4:.126 The relative intensities of the reflections in the 

corresponding X-ray diffractogram of the RRUFF sample are almost identical to those of 

anatase standard X-ray diffraction powder patterns published by the United States National 

Bureau of Standards.147 

In Fig. 106, the (A&B)/Eg(3) ratio of the undoped films is 2, thus as in XRD, signals 

arising from vibrations in c-direction is also relatively strong in Raman, but it is stronger in 

XRD by a factor of two. The (A&B)/Eg(3) ratio of the doped films are close to one and the ratio 

of the Nb1 films is in between that of Nb0 and Nb2. A preference of a-orientation in the doped 

films found in XRD is not reflected in Raman. 

There are clear trends in peak ratios with the Nb content, which is shown in Fig 77. It 

depicts the intensity ratios of c-oriented modes (averaged over the intensities of the B1g peak 

and the A1g/B1g doublet for all temperatures) and the Eg(1) and Eg(3) modes vs. the Nb 

content. 
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Fig. 107: Raman peak intensity ratios of (A&B)/Eg(3) (black), (A&B)/Eg(1) (medium gray), and 

Eg(3)/Eg(1) (light gray) vs. the Nb content (at.% in relation to the Ti content). “A&B” is the average 

intensity of the B1g peak at 399 cm-1 and the A1g/B1g-doublet at 517 cm-1. The values are averaged over 

all temperatures. 

The displayed ratios show continuous trends with the Nb content and vary by a factor of 

around 2 with the Nb content increasing to 16 at.%. The intensity ratios of the c-oriented modes 

(A1g & B1g) with the a-oriented modes, Eg(1) and Eg(2), have decreasing trends with 

increasing Nb content. 

The intensity ratio of the c-oriented peaks with the Eg(1) peak, I(A1g+AB1g)/2/IEg(1), decreases 

from ca. 0.2 in the Nb0 films to ca. 0.1 in the Nb2 films. The intensity ratio of the c-oriented 

peaks with the Eg(3) peak is almost 1 in the Nb0 films and decreases to 0.4 in the Nb2 films. 

Thus, like in XRD, signals arising from the c-axis are strong in the undoped films. 

Also, the intensity ratio of the Eg(3) and Eg(1) peak varies with the Nb content and 

increases from 0.2 to 0.4 with increasing Nb content. 

The described behavior can be caused by the direction of growth in the thin films, but can 

also be caused by the volume fraction of crystal orientations, which can be also found in powder 

diffractograms or Raman spectra of powder samples.171 

6.1.2.4.2 Raman peak positions and widths 

The positions and widths of the Eg(1), Eg(3), and B1(g) Raman peaks are shown in Fig. 

108. Linear trend lines with arrows indicate the variation with the temperature. No trendline is 

given for the Eg(3) peak of the Nb2 (Ti0.84O2.25Nb0.16) films, because it shows no trend with the 

temperature. The peak widths are the actual values (minus 1 cm-1 instrument broadening) peaks 

shifts are given in relation to the literature values of 143 cm-1, 639 cm-1, and 399 cm-1, 

respectively. 
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Fig. 108: Positions vs. widths of the Eg(1), Eg(3), and B1(g) Raman peaks. Linear trend lines with arrows 

indicate the variation with the temperature. 

(Nearly) all peaks become narrower with increasing annealing temperature. This could 

indicate decreasing disorder, which is also confirmed by the behavior of the phase background 

of the undoped films, but not of the doped films (see chapter 6.2). 

 

Raman peak parameters of the undoped films: 

The peaks are nearly at standard positions and vary barely with the annealing temperature. 

The Eg(3) peak experiences a slight blueshift with increasing temperature, while the B1g peak 

and the A1g/B1g doublet slightly shift towards lower wavenumbers. The directions of the B1g 

and A1g/B1g peak shifts agree with the phonon confinement model resulting from a growth in 

crystallite size. Yet, there is almost no shift in the Eg(1) peak. 

In the Raman spectrum of the 420 °C Nb0 film, the Eg(3) peak width is 37 cm-1, and is 

higher than the width of the B1g peak and the A1g/B1g doublet (28 cm-1). The widths decrease 

with increasing annealing temperature and the Eg(3), B1g, and A1g/B1g full widths are almost 

equal 25 cm-1 in the spectrum of the Nb0 film annealed at 750 °C, which agrees with literature 

spectra.86 

 

Raman peak parameters of the Nb-doped films: 

In average, the Eg(1) peak width increases by 0.9 cm-1 per Nb at.%. It decreases from 

24 cm-1 to 17 cm-1 for Ti0.92O2.25Nb0.08 and from 28 cm-1 to 25 cm-1 for Ti0.84O2.25Nb0.16. The 

Eg(1) peak positions of the doped films is blueshifted by 4 cm-1 – 5 cm-1 in the spectra of the 

420 °C films, which increases to 12 cm-1 upon annealing to 750 °C, irrespectively of the Nb 
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content. A blueshift and an increase of the width of the Eg(1) peak was also observed in 

literature.172 

The average Eg(3) width increases by 0.7 cm-1 per Nb-at.%. The Eg(3) peak positions are 

close to standard values and show no clear trend with the deposition temperature.  

The B1g peak undergoes a strong red shift with Nb-doping of -1.5 cm-1 per Nb at.% 

doping in average. For an annealing temperature of 420 °C, the redshift is -16 cm-1 for the Nb1 

and -27 cm-1 for the Nb2 films. It decreases to 2/3 of the values with the annealing temperature 

increasing to 640 °C or 750 °C. 

 

A1g/B1g doublet: 

The A1g/B1g doublet peak around 514 cm-1 is close to intense signals in the Raman 

footprint of B270 glass, which might result in inaccurate fitting. IT is therefore not shown in 

Fig. 108. Its position is fitted to be blue shifted by 3 cm-1 for the doped as well as undoped films 

post-heated at 420 °C. The shift decreases to 1 cm-1 for the undoped films with increasing 

temperature and stays around 3 cm-1 for the Nb-doped films. 

For the undoped films, the estimated width has about the same value (or slightly higher) 

than the B1g peak and decreases from 30 cm-1 to 25 cm-1 with annealing temperature increasing 

to 750 °C. The A1g/B1g width decreases from 48 cm-1 to 36 cm-1 for the Nb1 films and from 

50 cm-1 to 31 cm-1 in the Nb2 films. 

6.1.2.4.3 Causes of Raman peak shifts 

Variation in peak widths and positions can be assigned to a combination of nanosize 

effects, such as phonon-confinement, strain, stoichiometry, defects, and phonon coupling.77 

The crystallite sizes as determined by XRD are so large that there should not be 

recognizable peak shift and broadening caused by phonon confinement. Thus, variation in peak 

width and position with the temperature should mainly be caused by other factors. This is indeed 

indicated by the Raman peak parameters as the peak positions do not follow the trend predicted 

by phonon confinement models. 

Changes in Stoichiometry result in opposing directions of peak shifts for Eg(1) and B1g 

modes. Yet, our samples were annealed in vacuum at 10-4 Pa, and stoichiometry did not vary 

upon annealing as determined from RBS. Peak shifts with the annealing temperature might be 

caused by variation in strain, which could explain the similar trend in the Eg(1) and the B1g 

peak of the doped films with increasing annealing temperature, but not the opposing trends of 

the B1g and the Eg(3) peak in the undoped films. 
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As a general trend, the Eg peaks as well the B1g peak in the doped films shift to higher 

wavenumbers with increasing annealing temperature, which indicates a variation of stress to a 

more compressive state. This correlates with increasing unit cell volume, and thus, variation of 

strain to a more compressive state. After an increase with annealing temperature, the unit cell 

volume of the Nb1 film decreases with the annealing temperature increasing from 640 °C to 

750 °C, which is also indicated by the variation of the B1g position (increasing redshift), but 

does not agree with the Eg(1) peak position. 

In summary, the peak shifts with the annealing temperature cannot be explained by 

phonon-confinement, homogenous strain, stoichiometry, or introduction of defects. One peak 

parameter has not been regarded so far: peak asymmetry. 

6.1.2.4.4 Raman peak asymmetry 

The Raman peaks of this study are asymmetric, and asymmetry varies with the annealing 

temperature, which is presented in Fig. 109. We quantify asymmetries by a ratio of the half-

width on the right side and the half-width on the left side wr/wl. A value of 1/2 means that a 

peak is half as broad on the right side than on the left side; or, a value above 1 stands for a peak 

that is broader on the right-side (higher wavenumbers) of the peak center. In the fitting routine, 

the lower asymmetry limit is 0.5 in order to minimize interference of the B1g peak with the 

anatase phase background model, and the higher limit is 1.5 in order to minimize interference 

of the A1g/B1g doublet with the substrate’s Raman footprint. 

In the spectra of this study, the Eg(1) peak around 143 cm-1 provides most reliable values 

for asymmetry, followed by the B1g peak around 399 cm-1 and the Eg(3) peak around 639 cm-1. 

Yet, the fits of the B1g and Eg(3) peaks might interfere with the anatase phase background and 

the fit of the Eg(3) peak might further interfere with the shoulder of the amorphous spectrum in 

the same range. The relative positions of the peaks contributing to the A1g/B1g doublet might 

shift, their intensity ratios might vary, and their asymmetries might vary independently of each 

other. Furthermore, the B270 and fused silica Raman footprints have their sharpest features in 

the rage of the doublet. These critical spectral features that might lead to errors in the 

deconvolution of the spectra can for example be seen in Fig. 70 and Fig. 183. 
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Fig. 109: Raman peak asymmetries of e-beam evaporated Nb0 (left), Nb1 (mid), and Nb2 (right) films on 

B270 glass (and fused silica, 750 °C) vs. annealing temperature. 

In the Raman spectra of the undoped films, the Eg(1) and Eg(3) peak asymmetries are 1.2 

for the film annealed at 420 °C and are symmetric (1.0) in the spectrum of the film annealed at 

750 °C. The B1g is symmetric in the spectrum of the film annealed at 420 °C, and gradually 

becomes more asymmetric to a value of 0.8 with the annealing temperature increasing to 

750 °C. This is due to a stronger decrease on the right side (from 14 cm-1 to 10.5 cm-1) than on 

the left side (from 14 cm-1 to 12.5 cm-1) of the peak center. 

For the Nb-doped films, the Eg(1) peak is symmetric in the Raman spectra of the films 

annealed at 420 °C and become asymmetric to a value of 0.7 with annealing temperature 

increasing to 750 °C. Asymmetry of the Eg(3) peak is around 1.2. The B1g peak asymmetry of 

the Nb1 films “increases” from 0.9 to 0.5, which is mainly due to the width decreasing 

drastically on the right side from 30 cm-1 to 14 cm-1. The B1g asymmetry of the Nb2 films varies 

from 1.4 to 0.5 with increasing annealing temperature. This is due to the half-width of the B1g 

peak increasing from 28 cm-1 to 36 cm-1 on the left side, while it decreases from 39 cm-1 to 

19 cm-1 on the right side. 

For all films (Nb-doped and undoped), the Eg(1) and B1g peak widths decrease stronger 

on the right-hand side of the peak center than on the lower wavenumber side with increasing 

annealing temperature. 

A comparison of Fig. 109 with Fig. 106 shows that for all films, the variation of the 

Eg(3)/Eg(1) peak intensity ratio is proportional to the variation of the peak asymmetry value. 

Thus, an increasing Eg(3)/Eg(1) intensity ratio correlates with the peak becoming relatively 

stronger on the right side of the peak center. The B1g peak shows the opposite trend. It becomes 

relatively weaker on the right-hand side of the peak center with increasing B1g/Eg(1) intensity 

ratio. 

It is stated in literature that peak asymmetry can only be induced by phonon confinement, 

asymmetric distribution of crystallite sizes, or inhomogeneous strain.77–79 A change in peak 
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asymmetry was observed for crystallite sizes only below 10 nm by Georgescu et al. in anatase 

aerogels prepared by sol-gel.77 Thus, crystallite size should not play a role in peak asymmetry 

here. 

To us, “inhomogeneous strain” is a rather vague term. By XRD, we found that strain 

differs between varying crystal orientations in the strongly textured films, and that texture as 

well as strain of the crystal orientations vary with the annealing temperature. Thus, the peak 

asymmetries and their variation with the annealing temperature is most probably caused by 

texture: a mixture of crystallites with varying orientation and size resulting in crystallites with 

a broad distribution of strains. We focused on this by measuring Raman spectra of phonons in 

varying directions within different micro grains using different Raman polarizations. 

6.1.2.4.5 Polarized Raman spectra 

In order to analyze the strain in different crystal orientations, Raman spectra with three 

different polarization states (unpolarized, circular polarization and orthogonal polarization) 

were taken at ten different positions on the sample surface of an Nb2 film that had been annealed 

at 640 °C. We chose this sample because it has the largest “micro-domains” (2 µm, see chapter 

7.2), which are larger than the laser spot (0.6 µm). The distance between the measurement points 

is 10 µm perpendicular to the sample surface. Thus, each measurement point provides Raman 

spectra from different micro domains. There is a probability of ca. (0.6 µm)/(2 µm) = 0.3 that 

a spectrum contains considerable amounts of signals scattered from more than one domain. 

The resulting Raman spectra (three for each measurement point: unpolarized (black), 

circularly polarized (red), orthogonally polarized (green)) are shown in Fig. 192 in the 

appendices. They are sorted from bottom to the top by the intensity of the Eg(1) peak in the 

unpolarized Raman spectra. On the left-hand side, the Eg(1) peaks are shown, and on the right-

hand side there is a more detailed view on the whole range of measurement (same spectra). The 

displayed spectra are as measured and include the B270 glass substrate spectra. Thus, a peak is 

visible (to varying degree) at 550 cm-1, which arises from the Raman footprint of the substrate 

– it should not be confused with the A1g/B1g doublet at 517 cm-1. 

The Raman spectra measured with orthogonal polarization display the vibrations that take 

place orthogonally to the direction of the measurement. Thus, they show the signals of the 

phonon vibrations perpendicular to the sample surface. On can see that the intensity of the Eg(1) 

peaks in orthogonal polarization behaves inversely proportional to the intensity in the 

unpolarized spectra. The peak intensities of all peaks in the Raman spectra taken with circular 

polarization always are between those of the unpolarized and the orthogonally polarized 
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spectra. Therefore, we suppose that the “unpolarized” spectra in the Renishaw spectrometer are 

polarized in the direction of the laser beam. The variation if peak intensity with the polarization 

indicate the measurements in varying directions of the crystal lattice. 

 Fig. 110, Fig. 111, and Fig. 112 show the same spectra but for each polarization the 

spectra are sorted by the position of the Eg(1) peak. The spectra are sorted from low peak 

positions (bottom) to high peak positions (top). Thick lines indicate the spectra that were used 

for sorting. 

 

Fig. 110: Raman spectra of varying polarization (unpolarized (black), circularly polarized (red), 

orthogonally polarized (green)) on various positions on a Ti0.84O2.25Nb0.16 film that was annealed at 640 °C, 

sorted by the Eg(1) peak position of the unpolarized spectra. Left: Eg(1) peak with average peak position 

of the whole sample at 150.2 cm-1 (dashed vertical line). The spectra of each position are shifted by 140 

units on the intensity axis. Right: detailed view on the whole range of measurement (same spectra), shifted 

by 50 units for each position. 
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Fig. 111: Same spectra as in Fig. 110, sorted by the Eg(1) peak position of the spectra taken with circular 

polarization. Left: Eg(1) peak with average peak position of the whole sample at 150.2 cm-1 (dashed 

vertical line). The spectra of each position are shifted by 140 units on the intensity axis. Right: detailed 

view on the whole range of measurement (same spectra), shifted by 50 units for each position. 
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Fig. 112: Same spectra as in Fig. 110, sorted by the Eg(1) peak position of the spectra taken with 

orthogonal polarization. Left: Eg(1) peak with average peak position of the whole sample at 150.2 cm-1 

(dashed vertical line). The spectra of each position are shifted by 140 units on the intensity axis. Right: 

detailed view on the whole range of measurement (same spectra), shifted by 50 units for each position. 

The Eg(1) peak positions of the three differently polarized Raman spectra are not equal 

for each measurement point. For each polarization, the shift of the peak position varies by 2 cm-1 

(from -1 cm-1 to +1 cm-1) around the average peak position of the sample of 150.2 cm-1 

determined in chapter 6.1.2.4.2. Although such a shift might be close to the tolerance of 

measurement errors, the intensity of the B1g peak at 375 cm-1 shows a clear trend with the Eg(1) 

peak position: the B1g is absent when the Eg(1) peak is redshifted and strongest for a 

blueshifted Eg(1) peak (in relation to the average peak position). This accounts for each 

polarization state. 

Thus, in Raman spectra that are taken nearly parallel to the c-direction (high B1g (and 

A1g) intensity), the Eg(1)-peak shifts to higher wavenumbers, which is associated with 

compressive stress. In the Raman spectra taken nearly parallel to the a-direction (absent B1g 

and A1g peaks), the Eg(1)-peak shifts to lower wavenumbers, which is associated with tensile 

stress. This agrees with the strain found in XRD, where the (105) reflection has lower tensile 
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strain than the (200) reflection in the diffractogram of the Nb2 film annealed at 640 °C (see Fig. 

99). 

We took such spectra for only one sample. Future studies should do more measurements 

with various samples in order to make reliable conclusions. However, we can say that at varying 

measurement positions the crystalline orientations and the peak positions vary from each other. 

More information on the spatial distribution of the crystalline orientations (or the relative 

intensities of the various anatase Raman peaks) are discussed in chapter 7.2.2, without variation 

of polarization. 

6.1.2.5 Optical measurements 

Optical UV-VIS-NIR reflectance, transmittance, and the resulting absorbance spectra of 

the Nb0, Nb1, and Nb2 films are presented in Fig. 113. 

 

Fig. 113: Reflectance (R), transmittance (T), and the resulting absorbance spectra (1-R-T) of reactive 

e-beam evaporated Nb0 (green), Nb1 (blue), and Nb2 (red) thin films on B270 glass (dashed black). 

Amorphous spectra of as deposited films (250 °C) are gray and crystalline spectra are colored. Increasing 

annealing temperatures is indicated by darker colors. Vertical lines mark the wavenumbers at which the 

light source was switched. 
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The maxima in the transmittance and reflectance spectra of all three sets films shift to 

higher wavenumbers with increasing annealing temperature, which indicates decreasing film 

thickness and thus increasing density. All films have an absorption edge that shifts to higher 

wavenumbers for the Nb-doped sets after crystallization and shifts further with increasing 

annealing temperature for the Nb1 samples, indicating an increase of the band gap energies. 

The absorption edges do not go straight to zero and show further steps or wave-like structures 

at lower wavenumbers, which indicates the presence of further states. 

A plasma edge becomes visible in the IR range with crystallization of the Nb-doped films. 

The absorbance of the Ti0.92O2.25Nb0.08 films increases with increasing temperature to 38% at 

5000 cm-1 for the film annealed at 640 °C. The absorbance is 10% for the crystalline 

Ti0.84O2.25Nb0.16 films and does not change with the annealing temperature. 

Fig. 114 shows the average transmittance of e-beam evaporated Nb0 (green), Nb1 (red), 

Nb2 (blue) thin films on B270 in the visible range (380 nm – 780 nm) vs. the annealing 

temperature. The data are calculated from the transmittance spectra shown in Fig. 113. As in 

all other pictures, the Nb0 films are displayed as green squares, Nb1 by blue triangles, and Nb2 

by red squares. 

 

Fig. 114: Average transmittance of e-beam evaporated Nb0 (green squares), Nb1 (blue triangles), Nb2 (red 

circles) thin films on B270 glass (black dashed line) in the visible range (380 nm – 780 nm) versus the 

annealing temperature. 

The transmittance is 78% (±2%) for all three amorphous samples and the undoped 

samples annealed at 420 °C and 530 °C. The same films have a resistivity above the critical 

value of 0.3 Ωcm (see the discussion on Fig. 119). The sample with the TiO2 film annealed at 

640 °C has an average transmittance of 74%, and the doped samples have transmittances of 

73% for an annealing temperature of 420 °C and 530 °C and of 71% for an annealing 
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temperature of 640 °C. The glass substrate has a transmittance of 92%, thus the transmittances 

of the films should be around 8% (= 100% – 92%) higher than those of the samples (film + 

substrate). 

6.1.2.5.1 Optical band gap 

We obtained the optical band gap Eg with the Tauc method, which is based on the Davis-

Mott relation: 

 (𝛼ℎ𝜈)𝑛 = 𝐾 (
ℎ𝑐

𝜆
− 𝐸𝑔), (102) 

with the absorption coefficient α, the Planck constant h (= 6.6263×10-37 Js = 

4.136×10-15 eVs), the incident photon energy hυ (or hc/λ), and a constant K (which arises from 

the conversion of the natural constants units used). The exponent n represents the type of 

transition and is 2 for direct band gaps and ½ for indirect band gaps. In order to find the indirect 

band gap in our (mainly) anatase films, we plot (αhυ)0.5 vs. the energy and draw the tangents to 

the straight parts of the plots. The point at which the tangents cross the energy-axis are the band 

edge energies of the samples. 

The Tauc plots are shown in Fig. 115. The samples are displayed as: Nb0 (green), Nb1 

(blue), and Nb2 (red) films on B270 substrates, amorphous as deposited (gray), and post-heated 

at 420 °C (light colors), 530 °C (medium colors), and 640 °C (dark colors). The upper half of 

the figure shows the full range displaying several states at lower energies than the main band 

gaps. The lower half shows a detailed view of the main band edges with the tangents of the 

Tauc plots. 
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Fig. 115: Tauc plots of e-beam evaporated Nb0 (green), Nb1 (blue), and Nb2 (red) films on B270 

substrates, amorphous as deposited (gray), and post-heated at 420 °C (light colors), 530 °C (medium 

colors), and 640 °C (dark colors). Top: Full range displaying several states at lower energies than the main 

band gaps; bottom: detailed view of the main band edges. 

To the left of the band gaps there are several intermediate states visible in the amorphous 

spectra (gray) of which most disappear with increasing annealing temperature in the Nb-doped 

films, but disappear in the undoped films only at 750 °C. The (main) band gaps that result from 

the Tauc plots are shown in Fig. 116. 

 

Fig. 116: Band gaps vs. annealing temperature of e-beam evaporated Nb0 (green), Nb1 (blue), and Nb2 

(red) films on B270 substrates as determined by Tauc plots (see Fig. 115), compared to anatase (3.2 eV) 

and rutile (3.0 eV) standard values.173 
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The band gaps are above that of anatase (3.2 eV) in literature.173 The band gaps of the 

amorphous as-deposited films are lower in the Nb-doped than in the undoped films. This trend 

is consistent with experiments by Mattson et al. with sol gel prepared Nb doped TiO2 films.174  

The band gaps are around 3.3 eV in all films annealed at 420 °C. It gets close to the 

standard value in the undoped films with the deposition temperature increasing to 640 °C. 

6.1.2.5.2 SCOUT fits 

 

Fig. 117: Measured and modeled reflectance and transmittance spectra. The colors of the spectra are the 

same as in Fig. 113. The modeled spectra using SCOUT are shown as dashed lines. Spectra are shifted by 

1 upwards each. 270 glass spectra are added without shift. 

For the SCOUT fit, the band gaps of the crystalline films were derived from the Tauc-

Lorentz model175, while in general amorphous films get a better fit with an OJL model, which 

is expected for amorphous films.176 The range of the band gap (above 22 000 cm-1 or below 

500 nm) does not agree well with the measured data, which might be caused by the additional 

states (that are visible in the absorbance spectra in Fig. 113 or in the Tauc plots in Fig. 115). 

Most parts of the visible and IR range agree better. The fit quality improves with the Nb content. 

Considering the qualities of the SCOUT fits, the only information that we gain from the 

data of all samples are the refractive indices in the visible range (see discussion of Fig. 118). 

The best agreement of the fit with the measurement in the range of the VIS and the IR light 

sources can be found for the Nb1 and Nb2 films on B270 glass that were annealed at 420 °C 

and 530 °C. These four SCOUT fits were used to estimate the charge carrier density n, the 
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charge carrier mobility µ, and the resistivity σ using the Drude model and a harmonic oscillator. 

These models are discussed by Qiao.177 The resulting electrical properties are presented in Fig. 

119. 

6.1.2.5.3 Refractive index 

The refractive index n of the films at 550 nm is around 2.28, which is below that of the 

anatase literature value (2.55).146 For each Nb doping level, it shows an increasing trend with 

the mass density, which is shown in Fig. 118. The refractive index n of the undoped films 

increases from 2.25 to 2.30 with the density increasing from 3.4 g/cm³ to 3.6 g/cm³.  

 

Fig. 118: refractive index n compared to Mergel et al.53 

On the right-hand side ,the refractive indices are compared to those of e-beam evaporated 

undoped TiO2 thin films by Mergel et al.53, which show the trend of n (also at 550 nm) with the 

mass density at a lower densities (2.3 g/cm³ to 3.1 g/cm³). We added a polynomial trendline 

(n = -0.11ρ²+0.87ρ+0.59) to our data, and it also describes the trend of Mergel et al.53 More 

samples and data would be necessary to interpret the impact of Nb-doping on n. 

Lorentz-Lorentz-plots are shown in Fig. 193 in the appendices. The deviation of the 

trendlines is high, which is also the case in literature. The trendlines for the undoped films are 

compared to literature values in Fig. 194 and are in between those of Khawaja and Laube. A 

discussion on such plots can be found in Mergel et al.53 

6.1.2.6 DC conductivity 

We performed four-point-probe measurements as described in chapter 2.2.7. Additional 

I-U-characteristics (two-point-probe) were taken between 0 V – 50 V. The measured samples 

can be grouped into two groups of similar current-voltage characteristics, which are presented 
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in Fig. 195 (double-logarithmic) and Fig. 196 (linear) in the appendices. Both figures show 

straight lines for each displayed sample. Fig. 195 depicts the current-voltage characteristics of 

all crystalline doped samples (annealed above 400 °C) and of the undoped Nb0 film that was 

annealed at 640 °C. Each of the samples shows a potential I-U-relationship with a power of 

1.3 (±0.1). The space charge limited current theory interprets potential I-U-characteristics to 

be caused by current induced effects arising from traps.178 

Fig. 196 shows linear (ohmic) behavior of the amorphous samples and of the undoped 

films annealed at 420 °C and 530 °C, each with slopes of 3×10-11 A/V (±1A/V). Yet, the 

measured currents of these samples are in the lowest measurement range and the trend might 

be caused by the measurement equipment. 

A distinction between the two groups of samples can also be found in the results of the 

four-point-probe measurements, which are presented in Fig. 119. The figure shows the 

electrical resistivity of Nb0 (green squares), Nb1 (blue triangles), Nb2 (red circles) thin films 

versus the annealing temperature as determined by a four-point-probe (connected with solid 

lines). A horizontal dashed black line is added at a resistivity of 0.3 Ωcm, which is a critical 

value that discriminates between the samples that show linear (resistivity > 0.3 Ωcm) or 

potential (resistivity < 0.3 Ωcm) I-U-characteristics in the two-point-probe measurements. 

Three additional samples were deposited (also at 250 °C) and post-heated at 350 °C with 

stoichiometric oxygen content ((Ti+Nb)/O = 1/2), TiO2 (open green square), Ti0.95O2Nb0.05 

(open blue triangle), Ti0.84O2Nb0.16 (open red circle). 

 

Fig. 119: Left: Electrical resistivity of Nb0 (green), Nb1 (red), Nb2 (blue) thin films versus the annealing 

temperature as determined using a four-point-probe (solid lines). Three additional samples were prepared 

with stoichiometric oxygen content (open symbols). Values as determined by modeling optical 

transmittance and reflectance spectra to measured spectra using SCOUT (dashed lines) are added for the 

spectra of crystalline samples with the most precise fit (see Fig. 117). A dashed black line marks a critical 

resistivity that discriminates between samples with potential and linear current-voltage characteristics. 

Right: values compared to previously published work in Mukherjee et al.104 



 

228 

 

The resistivities decrease with the annealing temperature increasing from 250 °C to 

750 °C for the Nb0 films (from 2 Ωcm to 3∙10-3 Ωcm) and Nb1 films (from 1 Ωcm to 

2∙10-4 Ωcm). The resistivity of the Nb2 film also decreases with first crystallization after 

annealing at 420 °C, but it increases further with increasing deposition temperature and is in 

the range of (2∙10-2 Ωcm and 1 Ωcm). 

The Nb-doped films with stoichiometric oxygen content, Ti0.95O2Nb0.05 and Ti0.84O2Nb0.16 

have a resistivities (1∙10-2 Ωcm and 2∙10-4 Ωcm, respectively) already after post-heating at 

350 °C. 

Dashed lines are added for the resistivities resulting from the SCOUT plots, which are 

slightly higher than the corresponding measured dc-resistivity. 

The data of Furubayashi et al. suggest that there is an optimal unit cell volume around 

138 Å³ ± 0.5 Å³ with the highest resistivity in their Nb-doped TiO2 thin films prepared by pulsed 

laser deposition.56 Fig. 120 shows the conductivities of this study vs. the unit cell volume. The 

two highest conducting films, Ti0.84O2Nb0.16 and Ti0.92O2.25Nb0.08, have unit cell volumes of 

137.8 Å³ ± 0.2 Å³. A trendline by Furubayashi et al. (gray) also has a maximum around 138 Å³.56 

In a study with Nb-doped TiO2 films deposited by rf-magnetron sputtering (see chapter 6.1.3), 

we found that the films with the maximum conductivity also had the largest unit cell volumes 

in the same range (137.7 Å³ ± 0.2 Å³).104  

 

Fig. 120: Electrical conductivity vs. unit cell volume (a²c), compared to monocrystalline films of 

Furubayashi et al.56 

6.1.2.7 Conclusions 

Nb-doped and undoped TiO2 thin films were prepared by reactive e-beam evaporation in 

the optical workshop of the University of Duisburg-Essen by Dipl.-Phys.Ing. Martin Jerman 



 

229 

 

and have been post-heated by the author. We have analyzed the films by XRD, Raman, RBS, 

EDX, four-point-probe, and optical (UV-VIS-NIR) measurements. 

The films are well conducting but less transparent as compared to literature. The average 

transparency of the films is 82% in the visible range at 550 nm (or 75% for film and substrate). 

UV-VIS-NIR spectra suggest that there might be intermediate states in the band gap in the 

undoped films. 

The conductivity depends on Nb content, annealing temperature, and the unit cell volume. 

The two films with the lowest resistivities are Ti0.84O2Nb0.16 on B270 glass annealed at 350 °C 

(2∙10-4 Ωcm) and Ti0.92O2.25Nb0.08 on fused silica annealed at 750 °C (2∙10-4 Ωcm). These well 

conducting films have unit cell volumes of 137.8 Å³ ± 0.2 Å³. This is in the range of well 

conducting films described in literature. 

The Nb-doped films with stoichiometric oxygen contents ((Ti+Nb)/O) = 1/2) have high 

conductivities already at low temperatures. Future studies should do experiments with film that 

contain stoichiometric oxygen contents at higher annealing temperatures. 

The TiO2 films (undoped and Nb-doped) have a relatively high mass density compared 

to previous studies reported in the literature.103 The refractive index increases with increasing 

mass density and continues a trend that was described in literature for films with lower mass 

densities.103 

According to XRD, the nanocrystals of the films are so large that phonon confinement 

caused by crystallite size should be insignificant. Indeed, the Raman peak positions and widths 

cannot be explained by crystallite size and homogeneous stress. The XRD peak positions and 

the Raman peaks asymmetries suggest that stress and strain are inhomogeneously distributed in 

the films. Stress is more tensile in c-direction than in a-direction, which is reflected in X-ray 

diffractograms as well as in Raman spectra. Peak asymmetry is most probably caused by 

preference of one crystal orientation. Our hypothesis is that texture might cause Raman peak 

asymmetry by inhomogeneous distribution of grain sizes and orientations accompanied by 

varying strain. 

 

Undoped TiO2 films: 

In the undoped films, anatase crystallization increases steadily with the annealing 

temperature. At 420 °C, 30% of the Raman and XRD signals arise from amorphous TiO2. 

Traces of brookite are found in the undoped TiO2 films and are strongest at the lowest annealing 

temperature of 420 °C. They vanish upon increasing annealing temperature to 750 °C and 
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decreasing strain, while traces of rutile become more pronounced with increasing deposition 

temperature. The traces of brookite and rutile phases are found by Raman as well as XRD. 

The lattice is distorted at the lowest annealing temperature of 420 °C, with a large lattice 

parameter a and a small lattice parameter c, and it relaxes with increasing annealing 

temperature, which is reflected in XRD as well as in Raman. 

The X-ray diffractograms reveal a strong preference of c-oriented grains in the undoped 

films. This is also reflected in the Raman spectra: the B1g peak at 399 cm-1 and the A1g/B1g 

doublet at 517 cm-1 (both oscillations in c-direction) have the same intensity than the Eg(3) peak 

at 639 cm-1 (in a-direction), which is twice the relative intensity that we consider as ‘standard’ 

anatase.126,169,170 

 

Nb-doped films: 

The Nb-doped films are already strongly crystalized as anatase at 420 °C. Other phases 

are generally not present in the Nb-doped films. Thus, Nb stabilizes the anatase phase, and 

suppresses all other phases, confirming findings in literature. For example, Ahmad et al. 

reported a stabilization of the anatase phase caused by Nb doping,179 and a suppression of rutile 

at high Nb contents was also reported by Trenczek-Zajac.31 

Both lattice parameters, a and c, increase by around 0.2 pm per Nb-at.%, which confirms 

Vegard’s law and is close to the increase in thin films of Furubayashi et al. produced by pulsed 

laser deposition.56 Correspondingly, the unit cell volume increases by ca. 0.12% (or 16 pm³) 

per Nb-at.%. The lattice of the Nb-doped films shows no pronounced effect caused by heating. 

The distribution of crystal orientation is closer to powder samples as compared to the 

undoped films. In the X-ray diffractograms of the Nb-doped films, a-oriented grains are 

preferred, which is opposite to the trend in films of Gardecka et al. prepared by aerosol assisted 

chemical vapor deposition.172 Also in the Raman spectra with increasing Nb content, the 

intensity of the oscillations in a-direction (Eg) becomes relatively stronger as compared to those 

in c-direction (A1g, B1g). The intensity ratios of a-oriented and c-oriented XRD peaks does not 

change with increasing annealing temperature. 

The influence of Nb incorporation on the anatase Raman peak positions is as expected 

from literature. It leads to a blue shift of the Eg(1) Raman peak (independent of the Nb content) 

and the Eg(3) peak (0.7 cm-1 per Nb-at.%) and a strong red shift of the Raman B(1g) peak 

(1.5 cm-1 per Nb at.% in relation to Ti atoms). The redshift of the B1g peak is about twice as 

high as the blueshift of the Eg(3) peak. The Eg(1) peak width increases by 0.9 cm-1 per Nb at.%.  
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6.1.3 Nb-doped TiO2 films sputtered with plasma emission control 

This chapter gives an overview about nano-, and micro- structural and electrical 

properties of Nb-doped TiO2 films rf-magnetron sputtered with plasma emission control. In the 

following, we use the common abbreviation PEM (plasma emission monitoring) for a sputter 

coating process in which the oxidation state of the Ti target is controlled using plasma emission 

monitoring. All PEM films were produced as described in chapter 2.1.3. 

In chapter 6.1.3.1, we give a summary on published work (and also a few non-published 

aspects of the work), in which we found that there is an optimum oxidation state of the metallic 

Ti target (of around 68%) that leads to well conducting films. Also, we provide 2D 

representations of the Nb content, the O content, the unit cell volume and the conductivity for 

the varied deposition parameters (oxidation state of the target and sample position during 

deposition). 

Chapter 6.1.3.3 presents an electrical and Raman study on similar films, with a lower 

post-heating temperature, which confirms a target surface oxidation of 68% for well conducting 

films. The structural studies of this chapter mainly focuses on Raman spectra that were derived 

as average spectra from Raman maps (see chapter 2.2.1), and which were decomposed into their 

components as described in the chapters 3 and 4. 

The two chapters provide information on structural and electrical properties, but cannot 

explain the good conductivity of the films deposited with 68% target oxidation. Further insight 

will be given in chapter 7.3, in which the micro-structure of the films is studies by Raman 

mapping. 

Chapter 6.1.3.4 studies the structural effects of the deposition time (or the film thickness) 

on films coated with a 71% oxidized Ti target surface. 

6.1.3.1 Structural and electrical properties of PEM sputtered Nb-doped TiO2 films 

This chapter contains a summary of a work led by Dr. rer. nat. Sanat Kumar Mukherjee 

that was published in Thin Solid Films, Volume 568, Issue 1, 94-101 (2014).104 Although in the 

published work, the oxidation state was varied from 0% to 100%, we will here focus on the 

window of parameters that result in well conducting films (65% to 78%). We will present 

additional (new) analysis on these films in chapter 6.1.3.2. 

We applied a technique to rf-magnetron sputter Nb-doped TiO2 anatase thin films by 

putting Nb wires onto the sputter track and controlling the oxidation state of the metallic Ti 

target by the intensity of the Ti 453 nm plasma line. The films were coated using a sputter coater 
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by von Ardenne Anlagentechnick GmbH with a sputter power of 300 W and post-heated the 

films at 530 °C (the publication says 400 °C, but we have re-calibrated the heating afterwards). 

We successfully controlled the oxygen flow by monitoring the intensity of the Ti 453 nm 

plasma line. We found that for optimum conductivity of the PEM controlled rf-sputtered Nb-

doped thin films there is a sweet spot of the oxidation state of the Ti target and the position of 

the substrate to be coated. Firstly, the Ti target surface should be between metallic and oxidic 

mode, with an oxidation state of the around 68% and 71%. This corresponds to a relative 

intensity of the 453 nm Ti plasma emission line of 0.35 or 0.375 – with the intensities 0 for a 

fully oxidized Ti target and 1 for an oxygen-free Ti target. Secondly, the substrate position of 

the film to be coated should not be too far away (horizontally) from the Nb wire. Although the 

oxidation state was varied from 0% to 100%, we will here focus on the window of parameters 

that result in well conducting films (65% to 78%). 

As in the publication104, we name the films according to the approximate oxidation state 

of the target during deposition and by their position ((a) 12.5 mm, (b) 42.5 mm, and (c) 72.5 mm 

horizontally away from the Nb wire). For example, we name the film deposited with a 65% 

oxidized Ti target surface that was deposited at position (a), 12.5 mm horizontally from the Nb 

wires, as “65%-ox.t (a)”. 

Stoichiometry was measured by RBS (at the surface and at the interface), and EDX. Fig. 

197 in the appendices shows the determined oxygen content by RBS at the film surface and the 

interface, and by EDX vs. the average of both RBS values. The films have over-stoichiometric 

oxygen contents, which is in the range of O/(Ti+Nb) = 2.15 – 2.45. The average deviation of 

the O content as measured by EDX from the RBS average is 0.04 and the average deviation of 

the RBS surface and RBS interface O content is also in average 0.04. In average, the oxygen 

content is the same at the surface than at the interface. 

The films that were coated between 65% and 78% target oxidation contain 

2 at.% – 16 at.% of Nb (in relation to the Ti content). RBS indicates that the Nb content is 

higher at the surface than in the “bulk” of the films. According to XPS analysis, more than 95% 

of the Nb is in Nb5+ oxidation state and Ti3+ is only weakly present in the films. 

6.1.3.2 2D representations of film parameters 

Fig. 121 presents 2D representations of the Nb (left) and O content (right) vs. the 

oxidation state of the target and the sample position. 
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Fig. 121: Nb content (left) and O content (right) in PEM controlled rf-sputter coated Nb-doped TiO2 thin 

films on B270 glass. The samples are placed (a) 12.5 mm, (b) 42.5 mm, and (c) 72.5 mm horizontally from 

the Nb wire, and the Ti target surface is oxidized by 65%, 68%, 71%, or 78%. Oxygen values for 78%-ox.t 

(a) and 78%-ox.t (c) were not measured and are extrapolated. 

The films that were coated closest to the Nb wires contain the highest Nb content and the 

Nb content increases with the oxidation state of the target. The oxygen content in the films is 

lowest at position (a) and highest at position (b). 

The films 68%-ox.t (a) and 65%-ox.t (a) with the best conductivities (around 10 S/m) 

have Nb contents of 10 at.% and 8 at.%, as well as O contents of 2.2 and 2.4 respectively. The 

two films have unit cell volumes of about 137.5 Å³ ± 0.2 Å³, which agrees with the unit cell 

volume of well conducting films in literature56 and which is also the case in our work with 

e-beam evaporated TiO2 films in chapter 6.1.2. The density of the two films is 4.3 g/cm³, which 

corresponds roughly to the mass density of Nb0.16Ti0.84O2.4 calculated as 4.4 g/cm³. 

Yet, the conductivity does not correlate strictly with the unit cell volume. Fig. 122 

presents the relation of the unit cell volume (on the left) and the conductivity (on the right) with 

the two deposition parameters %-ox.t and sample position. 

 

Fig. 122: 2D representation of unit cell volume (left) and conductivity (right) vs. the oxidation state of the 

Ti target surface and the position of the sample horizontally from the Nb wires. 
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In general, the unit cell volume increases with a sample position closer to the Nb wires, 

but is also influenced by the oxidation state of the Ti target. On the right side of Fig. 122 one 

can see the “region” of good conductivity around 65%-ox.t (a) (between the parameters 65%-

ox.t and 71%-ox.t and the positions (a) and (b)). 

The best conducting films have a transmittance of 70% in the visible range and an 

absorbance of 5% – 10% (at 250 nm film thickness). An as-deposited films 68%-ox.t film 

(substrate temperature around 50 °C during deposition) is X-ray amorphous and has a columnar 

nano structure of 15 nm thick columns visible by SEM. After post-heating at around 530 °C, 

the nano structure is less columnar and consists of more randomly oriented grains with a size 

of around 10 nm. 

According to literature, small grains and extended grain boundaries might lead to a low 

mobility of the charge carriers and result in high resistivity.180 Yet, the 68%-ox.t films are well 

conducting. Another explanation for high resistivity in the films with: Ti vacancies act as 

electron acceptors & counteract the donor behavior of Nb5+. 

6.1.3.3 Electrical and Raman properties of PEM sputtered Nb-doped TiO2 films 

In the following we present further studies that aim on a better understanding the 

mechanisms that lead to the variation of conductivity between the PEM sputtered films and to 

the good conductivity the 68%-ox.t and 65%-ox.t films. 

We have prepared similar films to the ones in chapter 6.1.3.1 using the same equipment 

(see chapter 2.1.3) with the same deposition parameters and with a lower post-heating 

temperature of around 475 °C. We used four different oxidation states (65%, 68%, 71%, or 

78%) of the Ti target around the range that resulted in the best conducting films produced for 

chapter 6.1.3.1. 

We performed DC conductivity measurements using a four-point-probe as described in 

chapter 2.2.7. Fig. 123 shows the conductivities of the films that were coated at the positions 

(a) 12.5 mm (red), (b) 42.5 mm (green), and (c) 72.5 mm (blue) horizontally from the Nb wires, 

with Ti target surface is oxidations of 65%, 68%, 71%, or 78%. 
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Fig. 123: Conductivities of the films that coated at the positions (a) 12.5 mm (red), (b) 42.5 mm (green), 

and (c) 72.5 mm (blue) horizontally from the Nb wires, with Ti target surface is oxidation states of 65%, 

68%, 71%, or 78%. 

The conductivity is highest for the 68%-ox.t films, with values of (a) 2 S/m, (b) 

0.5 S/m, and (c) 1 S/m. For the 71%-ox.t (a) film, we measured a conductivity of 0.1 S/m. All 

other films have conductivities below 0.01 S/m. 

The transmittance of the films and the B270 substrates together are in average 89%. The 

transmittance of an uncoated substrate is 92%. Thus, the transmittance of film+substrate is in 

average equal to 97% of the transmittance of the substrate without film. The transmittance Φ 

of the best conducting film is the lowest one (Φfilm+substrate = 93% ∙  Φsubstrate). 

XRD was performed for the 68%-ox.t (a) film. The lattice parameters are a = 3.80 Å and 

c = 9.52 Å, and the unit cell volume is V = 137.7 Å³. V is 1% larger and a is 0.5% larger than 

the standard value. 

Raman spectra were taken with 633 nm excitation described in chapter 2.2.1. The spectra 

are average spectra of Raman maps, which are presented and discussed in chapter 7.3. Fig. 124 

shows the Raman spectra of the thin films (after the subtraction of the substrate spectra from 

the measured spectra). 
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Fig. 124: Raman spectra (633 nm) of PEM controlled rf-sputter coated Nb-doped TiO2 thin films (after 

subtraction of the substrate spectra from the measured spectra). The samples were placed (a) 12.5 mm, (b) 

42.5 mm, and (c) 72.5 mm horizontally from the Nb wire, and the Ti target surface was oxidized by 65%, 

68%, 71%, or 78%. The standard positions of anatase are marked green and of the strongest brookite peak 

is marked by a dotted orange line. 
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The films contain mainly anatase. The Eg(1) peak is blueshifted and the B1g peak is 

redshifted to various degrees, which is to be expected for varying amounts of Nb incorporation 

and a variation of O content. For each of the four oxidation states, the sample coated at position 

(a) has the broadest and least intense peaks. The intensity ratio IEg(3)/I(A&B) of the Eg(3) phonon 

and the average of the B1g peak and the A1g/B1g-doublet is around 2 – 2.5 for most films. For 

each ox.t., it is highest for the (a) films and lowest for the (c) films. The peak ratio is highest in 

the Raman spectrum the best conducting film 68%-ox.t (a), with IEg(3)/I(A&B) = 4. 

Fig. 125 presents a detailed view on the spectra of Fig. 124 in the range of the main 

brookite and rutile peak positions above 200 cm-1. The 65%-ox.t (a) film has a high amorphous 

content. In Fig. 157 in chapter 7.3.1 one can see that the film consists of anatase islands in an 

amorphous matrix. In several spectra, elevations of the intensities around 440 cm-1 suggest that 

traces of rutile are present, most prominently in the spectrum of the 68%-ox.t (a) film. Traces 

of brookite are clearly visible in the 78%-ox.t films. 
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Fig. 125: Detailed view on the spectra of Fig. 124 in the range of the main brookite and rutile peak 

positions above 200 cm-1. Brookite standard positions are marked by narrowly dotted orange, and rutile 

by widely dotted blue vertical lines. 
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Fig. 198 in the appendices shows various Raman peak parameters: the Eg(1) position vs. 

the Eg(1) width; the conductivity vs. the Eg(1) position and the Eg(1) width; the B1g position 

vs. the Eg(1) position; the Eg(1) width vs. the B1g width; as well as the conductivity vs. the 

B1g width. None of these parameters shows a clear trend that accounts for all oxidation states, 

except of a rough correlation of the Eg(1) and the B1g peak width. 

Fig. 126 shows the B1g width (left) and the conductivity (right) vs. the B1g position. The 

B1g peak is redshifted by 3 cm-1 – 30 cm-1 from the standard position of 399 cm-1. The redshift 

of the anatase B1g position correlates with an increasing B1g width. There is a rough trend of 

increasing conductivity with a decreasing B1g peak position. The four best conducting films 

have B1g peak positions between 370 cm-1 and 390 cm-1 and the poorly conducting films have 

B1g peak positions between 385 cm-1 and 400 cm-1. Yet, the oxidation state of the Ti target has 

a stronger influence on the conductivity than the B1g peak position. 

 

Fig. 126: Anatase B1g position vs. B1g width (left) and Raman phonon domain size vs. the B1g position of 

the PEM films. 

6.1.3.4 Variation of film thickness 

The deposition time was varied for PEM films with a 71% oxidized Ti target. The films 

were produced by M.Sc. Shixun Cui for his master’s thesis. Fig. 127 shows the film thicknesses 

for each of the three sample positions (see chapter 2.1.3) vs. the deposition time. 
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Fig. 127: Film thicknesses of PEM controlled rf-sputter coated Nb-doped TiO2 thin films on B270 glass, 

with 71% oxidation of the Ti target surface. The samples are placed (a) 12.5 mm, (b) 42.5 mm, and (c) 

72.5 mm horizontally from the Nb wires are deposited for 10, 20, 40, or 60 minutes. 

After a delay of about two minutes, the deposition rates are constant. The approximate 

deposition rate of position (a) is 12 nm/min, of position (b) is 9 nm/min, and of position (c) is 

6 nm/min. Thus, the deposition rate increases with closeness to the Nb wire or with increasing 

Nb content in the films. Fig. 128 shows the mass densities, which initially increase with 

increasing deposition time. They approach the density of anatase (3.8 g/cm³)146 with increasing 

deposition time. Lines are added to the figure to guide the eye.  

 

Fig. 128: Mass densities of PEM controlled rf-sputter coated Nb-doped TiO2 thin films on B270 glass, with 

71% oxidation of the Ti target surface. The samples are placed (a) 12.5 mm, (b) 42.5 mm, and (c) 72.5 mm 

horizontally from the Nb wires are deposited for 10, 20, 40, or 60 minutes. 
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Above 40 minutes, the density does not increase anymore with increasing deposition time. 

The films at position (a) have the highest density of 3.6 g/cm³. We have further prepared 

combined anatase phonon maps of these films, which are presented in Fig. 163 in chapter 7.3.2. 

6.1.3.5 Conclusions 

We produced Nb-doped TiO2 thin films using rf-magnetron sputtering by placing Nb 

wires onto the sputter track and controlling the target oxidation by varying the oxygen flow 

according to the intensity of a Ti plasma emission line at 453 nm.105 

Chapter 6.1.3.1 contains published information.104 We estimated an optimum Ti target 

oxidation state of around 68%. The films post-heated at 530 °C have high conductivities up to 

7 S/m and a low optical transmission of 75% in the visible range at 550 nm. Samples that are 

positioned closely to the Nb wire (position (a)) are the most conducting ones. 

In chapter 6.1.3.3, we confirmed the parameter window of the best conductivity around 

68%-ox.t. (a). The films post-heated at 475 °C have conductivities up to 2 S/m and a high optical 

transmittance of 95% in the visible range at 550 nm. 

The best conducting films, 68%-ox.t (a)-(530 °C), 65%-ox.t (a)-(530 °C), 68%-ox.t (a)-

(475 °C), have unit cell volumes of 137.5 Å³ ± 0.2 Å³. This is in the same range as the best 

conducting e-beam coated films in chapter 6.1.2. 

There is a correlation of high conductivity with a strong B1g redshift: The films with a 

B1g redshift > 20 cm-1 have a high conductivity (≥ 0.1 S/m) while the films with a B1g redshift 

< 10 cm-1 have a low conductivity (≤ 0.01 S/m).  

The Nb content was determined only for the set of films that were annealed at 530 °C. 

The films contain 2 at.% to 16 at.% of Nb. There is a clear trend that the Nb content increases 

with increasing Ti target oxidation and with decreasing distance to the Nb wires. The B1g peak 

position of the films annealed at 475 °C does not correlate with the Nb content determined for 

the films that were annealed at 530 °C. A redshift of the anatase B1g position might indicate 

the efficiency (or amount) of Nb ion incorporation into the TiO2 lattice, rather than the Nb 

content. 

The films produced with the highest target oxidation (78%-ox.t.) are the least conducting 

films for each sample position and contain traces of brookite (visible in the Raman spectra). 

Also, for each coating position, these films have the lowest Nb contents. This supports the 

assumption made in chapter 6.1.2 that Nb doping of TiO2 stabilizes the anatase phase. 

In chapter 6.1.3.4, we varied the deposition time. After a delay of about 2 minutes, the 

deposition time is constant for each sample position. The deposition rate and the mass density 
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are highest for position (a). The mass density increases initially whereas it approaches the 

density of anatase (3.8 g/cm³) and it is constant when the films are thicker than 150 nm.  
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6.2 Phase background spectra of undoped and Nb-doped TiO2 anatase films 

As described in chapter 3.1.4.2, the Raman spectra of a crystalline phase consists of not 

only first-order Raman scattering, but also of further signals arising from various origins, which 

we sum up as “phase background”. The phase background can include signals of for example 

second-order Raman scattering, defect or disorder induced scattering, overtones, dopant-

specific vibrations, Raman inactive phonons (after a breakdown of selection rules), acoustic 

phonons, or phonon coupling. 

Anatase-phase background spectra of e-beam evaporated undoped and Nb-doped TiO2 

thin films were derived by the fitting routine with adjustable spectral bands for phase 

backgrounds that are described in chapters 3.1.4.4.2 and 3.2.2.4.1. The phase background 

spectra are decomposed from the same measured Raman spectra (see chapter 4.1.3) than the 

first-order anatase spectra that are discussed in chapter 6.1.2. Spectral artefacts are visible 

around 144 cm-1, 397 cm-1, 516 cm-1, and 637 cm-1 arising from the fit to the anatase first-order 

Raman peaks with asymmetric Lorentzian functions. 

The modeled phase background spectra are least reliable in the ranges around the intense 

Eg peaks at 143 cm-1 and 639 cm-1 and in the range of 530 cm-1 (±30 cm-1), which overlaps with 

the sharp B270 glass Raman band at 550 cm-1 (see Fig. 44 in chapter 3.1.5.2) and the A1g/B1g 

anatase first-order Raman peaks around 517 cm-1. Spectral features above 1000 cm-1 cannot be 

evaluated here because of artefacts in the spectra discussed in chapter 2.2.1. Anyway, peaks in 

that range can be either attributed to the spectral artefacts, to features of the B270 glass substrate 

or to incorporation of dopants. 

6.2.1 Phase background spectra of e-beam evaporated undoped TiO2 films 

Below, the phase backgrounds of the undoped and Nb-doped TiO2 anatase films are 

discussed separately. Fig. 129 shows Raman spectra containing the modeled anatase phase 

backgrounds of the undoped TiO2 films annealed at 420 °C, 530 °C, and 640 °C. The spectra 

of the 420 °C film is shown as a light green line, 530 °C medium green, and 640 °C dark green. 

The Raman Intensity axis is set to the same values as Fig. 131. The spectra are overlain by the 

same spectra plus the residual spectra (thin lines) that remained in the whole fitting routine. 
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Fig. 129: Anatase phase backgrounds of e-beam evaporated undoped TiO2 films. Peak positions of 

supposed second-order Raman peaks (or other coupled vibrations) are indicated by dashed lines. 

The main features of the anatase Raman phase backgrounds of the undoped TiO2 films 

are three peaks at 320 cm-1, 700 cm-1, and 800 cm-1 (positions indicated by vertical dashed lines 

in Fig. 129), and a broad band centered around 850 cm-1 (indicated by a dashed-dotted vertical 

line in Fig. 130). There is also a plateau visible between 400 cm-1 and 650 cm-1 that has an 

intensity lower than the three bands, but it contains three major artefacts from the fitting of the 

first-order peaks at 399 cm-1, 514 cm-1, and 639 cm-1 and will not be discussed further. 

The peaks around 320 cm-1, 700 cm-1 and 800 cm-1 become narrower and higher with 

increasing temperature. They behave similar to the first-order Raman peaks of anatase and thus, 

we consider that they arise from coupled vibrations. Such vibrations could be second-order 

scattering, overtones, or non-Raman allowed vibrations. The peak position around 800 cm-1 is 

double of the wavenumber of the B1g peak at 399 cm-1. This peak is attributed to the first 

overtone of the B1g by Ohsaka et al.73 

The broad band at 850 cm-1 becomes visible when we look at the difference spectra of the 

phase backgrounds. The lower half of Fig. 130 shows phase background of the film annealed 

at 420 °C minus the phase background of the film annealed at 640 °C (light green), and the 

difference spectrum of the films annealed at 530 °C and 640 °C (dark green). For both difference 

spectra, a symmetric Gaussian band was added (by eye) as dashed lines centered at 850 cm-1. 

Two sinks appear in the difference spectra below the Gaussian bands at 700 cm-1 and 800 cm-1, 

which indicate that the described narrow peaks are strongest in the 640 °C spectrum. 
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Fig. 130: Top: A nominal ‘amorphous’ phase background compared to anatase phase backgrounds of e-

beam evaporated undoped TiO2 films (already shown in Fig. 129) with a supposed position of a disorder 

band; bottom: difference spectra of the phase backgrounds of the TiO2 films that were annealed 420 °C 

and 640 °C (light green) as well as of 530 °C and 640 °C. Gaussian bands which we consider as disorder-

induced scattering are added by eye centered at 850 cm-1. 

The band at 850 cm-1 is the major contribution to the intensity of the phase background 

of the film annealed at 420 °C (see lower and upper half of Fig. 130) and is wider than the 

measured range. It decreases drastically in width and height with increasing annealing 

temperature to 530 °C. At this temperature, the band becomes so narrow and weak that the 

spectra of the films annealed at 530 °C and 640 °C are nearly identical for wavenumbers below 

600 cm-1. We suggest considering the Gaussian band at 850 cm-1 as a ‘disorder band’.  

The upper half of Fig. 130 compares the TiO2 phase backgrounds of Fig. 129 (green) with 

a nominal (anatase) phase background spectrum (black) that we found in chapter 6.3 by 

simulating the Raman spectrum of amorphous TiO2 by extremely disordered structures that 

resemble the atomic bonds of the crystalline TiO2 phases (anatase, brookite, rutile). The 

nominal anatase background is scaled arbitrarily and represented by a black line. The same 
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spectrum plus the residual spectrum of the simulation is a gray line. Future studies could check 

if such a TiO2 disorder band is independent of the crystalline phase. 

The occurrence of an intense band around 850 cm-1 in the nominal phase background in 

the Raman spectrum of amorphous TiO2 supports our suggestion to classify the band as 

disorder-induced scattering, which decreases with increasing order. 

6.2.2 Phase background spectra of e-beam evaporated Nb-doped TiO2 films 

Fig. 131 shows the anatase phase backgrounds of e-beam evaporated Nb-doped TiO2 

films annealed at 420 °C, 530 °C, and 640 °C. They are a sum of the background model spectra 

and the residual spectra of the whole fitting routine, each. The spectra of the films with 8 at.% 

Nb are shown in blue and with 16 at.% Nb in red. The spectra of the films annealed at 420 °C 

are in light colors and at 640 °C in dark colors.  

 

Fig. 131: Anatase phase backgrounds of e-beam evaporated Nb-doped TiO2 films. 

The phase backgrounds of Nb-doped TiO2 have a band around 760 cm-1 (indicated by a 

vertical dashed line) that becomes more pronounced with increasing annealing temperature. In 

literature it is argued whether doping promotes the appearance of additional specific peaks in 

the background of anatase Raman spectra. 

A vibration at around 690 cm-1 was found by Zhang et al. in nanocrystalline Fe-doped 

anatase thin films prepared by a facile nonhydrolytic sol–gel process, which they attribute to a 

two-phonon scattering process related to the surface morphology and oxygen vacancies. Kontos 

et al. doubt that a peak at 680 cm-1 (and at around 330 cm-1, 585 cm-1, and 815 cm-1) in N doped 

films is dopant specific, because similar peaks were also found in undoped films by 

Balachandran and Eror.124,181 
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The band at 760 cm-1 in the phase backgrounds of our doped films is at the double 

wavenumber than the B1g peak, and could be the first overtone, which occurs in the background 

of the undoped films (see Fig. 129 in chapter 6.2.1). Anyway, the band at 760 cm-1 increases 

with annealing temperature, while the B1g first-order peak does not become more intense. 

Furthermore, the band is the most intense feature of the phase background of the undoped films 

while the first-order anatase B1g peak is less intense than in the undoped samples. Thus, the 

high intensity in the range around 760 cm-1 most probably arises from a further cause in addition 

to signals from the first overtone of the B1g vibration. Actually, the flat or broad nature of the 

peak suggests that signals arise from two or more vibrations. 

A plateau in a range of around 280 cm-1 – 900 cm-1 is present and its intensity increases 

with the Nb content as well as with the deposition temperature – followed by a ‘wavy’ 

downwards slope for increasing wavenumbers. For both Nb concentrations, the phase 

background intensity increases by roughly a factor of 2 in the full range of wavenumbers with 

temperatures increasing from 420 °C to 640 °C. For each annealing temperature, the 

Ti0.84O2.25Nb0.16 background spectra have about 2.5 times the intensity of the Ti0.92O2.25Nb0.08 

background spectra over the whole range. 

6.2.3 Conclusions 

We have analyzed the phase background of reactive e-beam evaporated anatase thin films. 

The material-specific background of a Raman spectrum provides information about local 

disorder in addition to the signals arising from first-order Raman scattering. 

We suggest categorizing the features of the anatase phase backgrounds of undoped TiO2 

into two independent aspects: (1) distinct peaks around 320 cm-1, 700 cm-1 and 800 cm-1 that 

become more pronounced (stronger and narrower) with increasing deposition temperature (like 

the first-order Raman peaks), while (2) an intense and broad Gaussian band around 850 cm-1 

decreases heavily in width and height. We interpret the three distinct peaks as coupled 

vibrations and the Gaussian band at 850 cm-1 band as disorder-induced scattering. The 

assumption of a disorder-band at 850 cm-1 is supported by a nominal phase background 

spectrum that we found in chapter 6.3 in the Raman spectrum of amorphous TiO2. 

The two described trends ((1) and (2)) with the annealing temperature correlate with 

increasing grain size indicated by SEM (cf. Fig. 151 in chapter 7.2.3), increasing crystallite size 

and decreasing lattice distortion indicated by XRD (chapter 6.1.2), stronger and narrower first-

order anatase Raman peaks, as well as decreasing brookite and amorphous content (chapter 

5.4). All of these are factors are associated with increasing order. 
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In the Nb-doped films, the intensity of the whole phase backgrounds increases with Nb 

content and with annealing temperature. Strong vibrations occur in the phase backgrounds of 

the Nb-doped TiO2 films as a band around 760 cm-1, which also become more pronounced with 

increasing Nb content and annealing temperature. This is around the double wavenumber of the 

anatase B1g peak. The band might be partially caused by the first overtone of the B1g vibration. 

Its flat shape suggests that additionally further vibrations (for example two-phonon vibrations) 

might contribute to the band.  
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6.3 Raman spectrum and XRD of amorphous TiO2  

In amorphous material, the interatomic bonding forces are similar to those in crystals, yet, 

there is no long-distance order.70 Interpreting this in terms of a ‘lattice’, the distribution of the 

bonding forces are often considered as a disordered elementary cell of infinite size – which can 

be seen as a Brillouin zone that is reduced to zero. This results in a diffuse Raman spectrum 

that resembles the phonon density of states rather than individual lines.70,153 

Exarhos et al. compared Raman spectra of crystalline and amorphous/vitreous (KPO3)n, 

which produces extremely sharp peaks in crystalline state (see Fig. 132). They demonstrated 

clearly that the amorphous Raman spectrum is closely related to the crystalline spectrum and 

described the amorphous spectrum as ‘essentially the envelope’ of the crystalline spectrum.182 

They found the same in infrared spectra of the same materials. 

 

Fig. 132: Raman spectral comparison between crystalline and amorphous KPO3 (taken from Exarhos et 

al.).182 

Similar ‘envelopes’ around allowed Raman bands were also found for BeO and for TiO2 

coatings. Exarhos et al. described broad Raman peaks of amorphous TiO2 around 440 cm-1 and 

600 cm-1 close to the rutile Eg (447 cm-1) and A1g (612 cm-1) vibrations, which was also pointed 

out by Iida et al.151,183 From this, Exarhos et al. suggest that amorphous TiO2 contains the same 

localized structural groups that are found in rutile (octahedral coordination of titanium with 

oxygen). 

Our Raman spectra are taken in a broader range (100 cm-1 – 1100 cm-1) and are similar to 

Raman spectra of amorphous TiO2 thin films and powder in literature.184–187 These spectra 

feature a band located around 160 cm-1 in addition to the bands around 440 cm-1 and 600 cm-1. 

The three bands are located on a plateau, which changes to a downwards-slope above 700 cm-1 

with a weak but broad shoulder around 850 cm-1. 
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The band at around 160 cm-1 is close to a blue-shifted anatase Eg(1) peak position typical 

for small crystallites. Not only the rutile A1g peak (612 cm-1) is close to the band around 

600 cm-1, but also the anatase Eg(3) peak (639 cm-1). The broad shoulder around 850 cm-1 is 

close to the rutile B2g position (826 cm-1) and also resembles the band at 850 cm-1 in anatase 

phase background spectra (see chapter 6.2). 

This suggests that the interatomic bonding forces of amorphous TiO2 are also similar to 

those of anatase, not only of rutile. From this we assume that that the interatomic bonding forces 

are similar to those of all three TiO2 (normal pressure) allomorphs, thus brookite-like bonds 

might be also included. 

6.3.1 Decomposition of an amorphous TiO2 Raman spectrum into nominal crystalline Raman 

spectra 

In order to check the plausibility of these assumptions, we simulated the spectrum of 

amorphous TiO2 by the sum of anatase-, brookite-, and rutile-like features. In this simulation 

we treat these features as nominal crystalline phases with extremely broad Raman peaks. We 

fit this simulated spectrum to an experimental spectrum. The experimental spectrum is the 

average spectrum of all amorphous spectra obtained in this work from Raman measurements 

of reactive e-beam coated undoped TiO2 thin film spectra. This also includes the amorphous 

content in partly crystallized films. 

We used the models for multi-phase TiO2 (see chapter 3.2.2) with additional 

simplifications/assumptions: we assume the distribution of bonds to be arbitrary and we 

simplify all peak widths Γ to have the same (extremely high) value. Thus, the widths of all first-

order Raman ‘peaks’ together are fitted by one parameter only. 

The peak positions and peak asymmetries are set to values that correspond to the smallest 

crystals that can be calculated using phonon confinement models (4 nm for anatase and 2 nm 

for rutile). For example, in 4 nm defect free nanocrystals, the nominal peak position of anatase 

Eg(1) vibrations is blue-shifted (by +17 cm-1) to 161 cm-1 (see Fig. 89). 

The brookite positions are fixed to those of the fit results to the Raman spectrum of a 

multi-phase TiO2 thin film that contains a high amorphous content, small crystallites, high 

crystalline backgrounds and broad yet still rather distinguishable first-order Raman peaks. We 

therefore chose the peak positions of the Raman spectrum of an rf-diode sputtered TiO2 thin 

film coated at 200 °C (see Fig. 175 in the appendices), which has such properties. 

The anatase Eg(1) peak is the TiO2 vibration with the highest Raman cross section. Its 

height Ian,Eg1 is fitted individually. All further peak height ratios within each nominal phase are 
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taken from the literature spectra that have already been used to prepare the phase background 

spectra.125–127 Thus, the intensity of the nominal first-order Raman spectra of each phase is fitted 

by one factor, each: Ian,1st, Ibr,1st, Iru,1st. 

Likewise, the intensity of the nominal phase backgrounds of the three phases are fitted by 

one factor, each: Ian,bg, Ibr,bg, Iru,bg. The factors are multiplied with ‘reference’ phase 

backgrounds. The nominal phase background reference spectra were created by broadening the 

original phase backgrounds (see chapter 3.1.4.4) by a factor of 3. 

The anatase phase background spectrum of the e-beam deposited TiO2 thin film annealed 

at 420 °C (see Fig. 129 in chapter 6.2) was used as the nominal anatase background reference 

spectrum. This spectrum was chosen because it is the most intense anatase phase background 

spectrum of undoped TiO2 that was simulated earlier in this work in detail using the anatase 

phase background model with adjustable spectral bands (see chapter 3.1.4.4.2). 

The decomposition of an amorphous TiO2 spectrum by simulating extremely broadened 

nominal anatase, brookite, and rutile phases using the described model is shown in Fig. 133. 
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Fig. 133: Measured Raman spectrum of an amorphous TiO2 thin film decomposed into spectra of nominal 

anatase, brookite, and rutile structures. The corresponding nominal first-order spectra are black dashed 

and the nominal phase backgrounds are gray lines. 

The measured amorphous TiO2 spectrum is dark gray and the fit is a dashed red line. The 

nominal anatase, brookite and rutile ‘phases’ are green, orange, and blue, respectively. The 

corresponding nominal ‘first-order Raman spectra’ are medium gray and the nominal ‘phase 

backgrounds’ are dashed black lines. The residual spectrum is light gray. 

The modeled spectrum is close to the experimental amorphous TiO2 spectrum. This 

suggests that that the interatomic bonding forces of amorphous TiO2 are similar to those present 

in all three TiO2 allomorphs that occur at normal pressure: anatase, brookite, and rutile. Thus, 

seemingly the short-range order is reflected in the Raman spectra of amorphous TiO2. The peak 

widths are extremely wide. Thus, the material lacks long range-order. 
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The simulated global peak width of the nominal first-order Raman peaks of amorphous 

TiO2, Γam, and the ratios of the total intensities Ian, Ibr, Iru of the contributions from the nominal 

phases, anatase, brookite, and rutile, are shown in Table 23. 

Table 23: Fit results of the decomposition of amorphous TiO2 into nominal crystalline phases 

The total intensities of each nominal ‘phase’ in the simulated spectra are almost identical 

and the intensities of the nominal ‘phase backgrounds’ are in the same order of magnitude than 

the nominal ‘first-order spectra’. The global peak width for all peaks is Γam = 170 cm-1. 

6.3.2 Interpretation of the fit parameters as disordered nanoparticles 

We will now interpret the structural effects of the peak width of Γam = 170 cm-1 in the 

QVRM. 170 cm-1 is around 6 times the width (Γan,Eg(4 nm) = 30 cm-1) of the anatase Eg(1) peak 

that corresponds to a 4 nm ‘defect free’ anatase nanocrystal with α0 = 30 (see Fig. 89 in chapter 

6.1.1) or 2.5 times the width (Γru,A1g(2 nm) = 70 cm-1) of the rutile A1g vibration in a phonon 

confinement model for a 2 nm rutile crystal.163 Below these crystallite sizes, phonon 

confinement models cannot be applied because the dispersion curve and the shape of the 

Brillouin zone become critical (the Brillouin zone becomes extremely large and the phonon 

density approaches infinity).188 

Amorphous TiO2 structures of 3 nm seem to be relatively stable: we measured the size of 

grain boundaries in our e-beam coated TiO2 films to be around 3 nm – 4 nm using SEM images 

(see chapter 7.2.3). Therefore, we consider sizes of 3 nm ± 1 nm as useful values for the 

calculation of (nominal disordered crystalline) amorphous TiO2 clusters. 

We estimate the number of defects ndef,an in a nominal anatase crystal with a size of 

Lcrys,an = 4 nm that corresponds to a peak width of Γam = 170 cm-1 by resolving equation (100) 

to ndef,an with Γ0 = 7 cm-1, A1 = 27.0, γ1 ≈ 1.3, and α0 = 30 (or α0 = 3 ∙  (10 Å/nm)): 

 𝑛𝑑𝑒𝑓,𝑎𝑛 = (
𝛤𝑎𝑚−𝛤0

𝐴1
)
1
𝛾1⁄
∙
𝐿𝑐𝑟𝑦𝑠,𝑎𝑛

𝛼0
≈ 5.4. (103) 

Parameter Value 

Γam 170 cm-1 

Ian, Ibr, Iru 1 : 1 : 1 
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Thus, a peak width of Γam = 170 cm-1 corresponds to 5 defects in a nominal 4 nm anatase 

crystal or to an average defect distance of approximately 0.8 nm. This is about 1.5 times the 

size of an anatase unit cell with (aan²can)
1/3 = 0.5 nm (in 1-dimensional view). 

A simpler estimation assuming a proportional increase of peak width with the number of 

defects in a crystal (in one dimension) gives about the same result. 

 𝛼𝑎𝑚,𝑟𝑢 =
𝛤𝑎𝑚

𝛤𝑎𝑛,𝐸𝑔(4 𝑛𝑚)

∙ 𝛼0 =
170 𝑐𝑚−1

30 𝑐𝑚−1 ∙ 𝛼0 ≈ 5.7 ∙ 𝛼0. (104) 

An equivalent estimation for a nominal 2 nm rutile crystal is: 

 𝛼𝑎𝑚,𝑟𝑢 =
𝛤𝑎𝑚

𝛤𝑟𝑢,𝐴1𝑔(2 𝑛𝑚)

∙ 𝛼0,𝑟𝑢 =
170 𝑐𝑚−1

70 𝑐𝑚−1 ∙ 𝛼0,𝑟𝑢 ≈ 2.4 ∙ 𝛼0,𝑟𝑢, (105) 

with the value αam,ru that corresponds to a peak width of 170 cm-1, and the value for a 

defect free rutile crystal α0,ru. Thus, a peak width of Γam = 170 cm-1 roughly corresponds to in 

average 2.4 defects in a nominal 2 nm rutile crystal or an average defect distance of 0.8 nm. 

This is around twice the size of a rutile unit cell (aru²cru)
1/3 = 0.4 nm (in one dimension). 

6.3.3 Disorder-band at 850 cm-1 

The same fitting procedure was performed again with a slightly more flexible anatase 

background spectrum. Here, the anatase background is not simulated by a reference spectrum, 

but by a simplified version of the anatase phase background model with adjustable spectral 

bands (see chapter 3.1.4.4.2). The width of the anatase background is treated in the same way 

as the brookite and rutile phase backgrounds: by multiplying the widths of all pseudo-Voigt 

functions with an arbitrary factor of 3 – as compared to the phase-backgrounds derived for the 

literature reference spectra.126 The intensities of the three bands are now fitted individually by 

the parameters Abg,an1, Abg,an2, Abg,an3. 

The resulting fit is shown in Fig. 134. The derived phase background is presented in Fig. 

130 (top) and discussed in chapter 6.2.1. It contains an intense and broad band at 850 cm-1, 

which supposedly is an indicator of disorder. 
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Fig. 134: Measured Raman spectrum of an amorphous TiO2 film decomposed into nominal crystalline 

phases (with individual band heights in the anatase phase background model). 

6.3.4 Conclusions 

An amorphous TiO2 spectrum was simulated by the sum of broad nominal anatase, 

brookite, and rutile Raman spectra including first-order Raman scattering and phase 

background spectra. We used the fitting models for multiphase TiO2 Raman spectra introduced 

in chapters 3.1.4 and 3.2.2. The anatase-, brookite, and rutile-like vibrations contribute to the 

total spectrum to about the same amount. 

The results confirm the presumption made in literature that interatomic bonds in 

amorphous structures are comparable to the bonds in the crystalline structures and that this is 

reflected in Raman spectra. 

The nominal crystalline spectra are extremely broad, and the phase backgrounds are 

intense – both indicating highly disordered material. A fit of a global peak width for all peaks 
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resulted in a width of 170 cm-1, and the peak position of the nominal anatase Eg(1) is located at 

161 cm-1. The peak position corresponds to a nominal anatase crystallite size of 4 nm. The width 

was fed into a q-vector relaxation model (QVRM) that contains a parameter α used for the 

estimation of defect densities. 

We interpreted the fit results for nominal anatase crystals as well as for nominal rutile 

crystals with an average size of around 3 nm with defect distances of around 0.8 nm. This can 

be seen as clusters of 5 – 8 unit cells with defect distances of 1 – 2 unit cells. 

Amorphous TiO2 appears to be relatively stable in structures with a size of approximately 

3 nm –4 nm. The thickness of the grain boundaries in the crystalline e-beam evaporated TiO2 

films is in the same scale. 

Instead of arising from nominal “grain sizes”, the broad bands in the Raman spectra of 

the nominal phases could also be interpreted by a distribution of peaks around an average peak 

position. Then one could presume a Gaussian distribution of overlapping Lorentz peaks, which 

results in Gaussian functions71. Anyway, the modeled nominal crystalline spectra would look 

similar. 

There appears an intense band at 850 cm-1 in the nominal crystalline Raman background 

of amorphous TiO2. This supports the assumption made in Chapter 7.2 that a band at 850 cm-1 

might indicate disorder. 

In literature, amorphous structures are often interpreted as an infinitely large unit cell. 

Apparently, one can also describe amorphous material as disordered small clusters of nominal 

unit cells. 

 



 

257 

 

7 Analysis of microstructure including Raman maps 

We produced oversampled Raman maps using a 633 nm laser in areas of 30 µm × 30 µm 

in steps of 0.25 µm as described in chapter 2.2.1. The lateral resolution of the Raman maps 

taken with a 633 nm Raman laser is around 0.6 µm. This is the minimum size of crystalline 

anatase island displayed in the Raman maps of an e-beam coated Ti0.92O2.25Nb0.08 film annealed 

at 375 °C and of a PEM sputter coated 78%-ox.t. (a) film. Thus, there are 121 × 121 = 14641 

individual spatially resolved spectra that contain a certain amount of spectral information of the 

adjacent measurement points. 

The spectra of each measurement point can be broken down into the TiO2 phases (anatase, 

brookite, rutile, amorphous TiO2), or into the intensities of individual Raman active phonons of 

the main phase, anatase. The maps display the spatial distribution of TiO2 phases or of 

micrometer-sized domains, in which the intensities of anatase phonons in the Raman spectra 

are homogeneously distributed. These phonon domains include multiple nano-sized crystallites 

which are most probably homogeneously aligned. SEM images (in chapter 7.2.3) confirm that 

the domains consist of parallel aligned columnar structures. 

Textures of the crystal phases and crystal orientation can be determined if they are 

inhomogeneous on a µm-scale. However, there are already visible differences in maps in with 

the structures a presumably more fine-grained versus more coarse grained in a scale smaller 

than 1 µm (examples are the anatase phonon maps of the 65%-ox.t. (b), 71%-ox.t. (c) and the 

78%-ox.t. (b) films in Fig. 157 in chapter 7.3.1). The analyzed films are either amorphous, 

contain crystalline islands in an amorphous matrix, or are crystalline over the whole measured 

area. 

All crystalline films are nano-structured; thus, the laser spot captures several nano-

crystals. In partially crystallized mainly amorphous maps, we found by SEM that several 

crystallites are actually smaller than the smallest islands that appear in the Raman maps. The 

variation of the nuclei size below the spatial Raman resolution is reflected to a certain degree 

in the Raman maps by a variation in intensity. 

Chapter 7.1 presents homogeneous Raman TiO2 phase maps of rf-diode sputtered thin 

films. Chapter 7.2 presents Raman TiO2 phase maps as well as (mainly) micro-structured 

anatase Raman phonon maps of reactive e-beam evaporated undoped and Nb-doped TiO2 thin 

films. Chapter 7.3 presents (mainly) micro-structured anatase Raman phonon maps of Nb-

doped TiO2 films coated by rf-magnetron sputtering controlled by plasma-emission-

monitoring. 
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All maps were taken at normal pressure and a constant room temperature of 20 °C. Given 

temperatures refer to either deposition temperatures (diode sputtered films) or annealing 

temperatures prior to the measurement (e-beam coated or PEM controlled rf-sputtered films). 

For each map, average spectra have been calculated. The average spectra as well as the 

nanostructure are analyzed further in the chapters 4, 5, and 6. 

7.1 Raman maps of diode sputtered multi-phase TiO2 films 

In this chapter we briefly present Raman TiO2 phase maps of the rf-diode sputtered TiO2 

thin films that were deposited as described in chapter 2.1.1. The Raman spectra of each 

measurement point of the maps sum up to the average spectra presented in chapter 4.1.2. Thus, 

the maps are from the same samples of which the average Raman spectra are discussed 

quantitatively in chapter 5.2 and qualitatively in chapter 6.1.1. 

Fig. 135 shows normalized ratio maps of the distribution of anatase (I150/I270, green), 

brookite (I244/I270, orange), and rutile (I440/I270, blue) in an rf-diode sputtered TiO2 film coated 

onto a B270 glass substrate at a substrate temperature of 155 °C. For each phase, the ratio maps 

are made for the Raman peaks that are most distinct from the other two phases (cf. Fig. 86 in 

chapter 6.1.1.2). 

 

Fig. 135: Raman maps of rf-diode sputtered TiO2 films on a B270 glass substrate deposited at 155 °C with 

ratio maps in the ranges of the following peaks: anatase Eg (I150/I270, green), brookite A1g (I244/I270, 

orange), and rutile Eg (I440/I270, blue). 

No structures that are larger than the resolution of the maps (ca. 0.6 µm) are visible. The 

relative amount of noise in the anatase map is lower because it has the highest intensity. The 

same is the case for all other deposition temperatures of the set. Fig. 136 shows the same kind 

of maps for the temperatures 200 °C, 275 °C, 310 °C, and 415 °C exemplarily for anatase. 
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Fig. 136: Anatase Raman maps of rf-diode sputtered TiO2 films on a B270 glass substrate deposited at 

temperatures of 200 °C – 415 °C. 

These maps also show a homogeneous phase distribution in the lateral resolution of the 

Raman maps (0.5 µm – 1 µm). Also, brookite and rutile maps also show no structures. The 

surface of the film deposited at 310 °C also shows no structure in a SEM image in the same 

resolution, (Fig. 137).  

 

Fig. 137: SEM image of a diode sputtered thin film coated at 310 °C. 

Fig. 138 displays a SEM image with 200 k magnification that shows nano-structures in a 

diode sputtered film coated at 200 °C. The nano-structures are interpreted by XRD and Raman 

in chapter 6.1.1. 

Thus, the structures of the diode sputtered films are finer than the resolution of the Raman 

maps. The focus area of each measurement point in the Raman maps (around 0.6 µm) captures 

several grains. 
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Fig. 138: SEM image of a polycrystalline rf-diode sputtered 70 nm thick TiO2 thin film deposited at 200 °C 

in 200 k magnification. 
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7.2 Raman maps of reactive e-beam evaporated TiO2 anatase films 

In this chapter we discuss Raman TiO2 phase maps and Raman anatase phonon maps of 

the e-beam evaporated undoped and Nb-doped TiO2 thin films that were deposited as described 

in chapter 2.1.2. The Raman spectra of each measurement point of the maps sum up to the 

average spectra that are decomposed in chapter 4.2. Thus, the maps are from the same samples 

of which the average Raman spectra are discussed quantitatively in chapter 5.4 and qualitatively 

in chapter 6.1.2. 

7.2.1 TiO2 phase composition maps 

Fig. 139 shows TiO2 phase maps of e-beam evaporated undoped films on B270 glass 

(deposited at 250 °C, annealed at 420 °C, 530 °C, 640 °C) or on fused silica (annealed at 

750 °C). The TiO2 phase maps are prepared as described in chapter 2.2.2.2. The first three 

columns are overlay phase maps of anatase (red) and amorphous TiO2 (green). The last column 

shows phase maps of the TiO2 film on fused silica annealed at 750 °C of anatase (red) and 

brookite (green), rutile (blue), and the resulting combined phase map. 
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Fig. 139: TiO2 phase maps (anatase (red), amorphous TiO2 or brookite (green), rutile (blue)) of e-beam 

evaporated undoped TiO2 films on B270 glass (deposited at 250 °C, annealed at 420 °C, 530 °C, 640 °C) or 

on fused silica (annealed at 750 °C). 

All anatase phase maps of the undoped films include dark areas. In the films on B270 

glass (420 °C – 640 °C), the intensity of amorphous TiO2 is stronger in these areas, while in the 

maps of the film on fused silica (750 °C) rutile is relatively strong in the areas with lower 

anatase intensity. The maps of the film annealed at 640 °C shows homogeneous anatase 

intensity over almost the whole area. 

The combined phase maps of the films on B270 glass that were annealed at 420 °C, 

530 °C, and 640 °C show the special distribution of the intensities in the anatase phase maps 

and of the intensities in the amorphous phase maps. Brookite is present in the spectra of all 
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measurement points. In the maps of the same films, no clearly distinct spectral information of 

rutile present in the individual locally resolved Raman spectra. Here, the I447/I467 maps are gray. 

The intensity of amorphous TiO2 content is highest in the areas in which the anatase 

content is lowest: in the dark areas of the anatase maps in Fig. 139, the ratios of the first-order 

Raman peak intensities and the intensity in the range of 270 cm-1 ± 10 cm-1 are lower than in 

the areas with strong red color, yet anatase is still present in the spectra. In general, at 270 cm-1, 

Raman signals of the crystalline TiO2 phases are low while in this range amorphous TiO2 has a 

high Raman intensity. This makes the intensity in this range relatively suitable for 

distinguishing between crystalline and amorphous TiO2 (for more information, see chapter 

2.2.2.2). 

Fig. 140 shows four representative positions on the combined phase map of the film 

annealed at 420 °C with intense green or red color. The corresponding locally resolved spectra 

are displayed in Fig. 141 (as red and green graphs, respectively) in comparison to the average 

spectrum (black) of the maps. 

 

Fig. 140: Combined TiO2 phase maps (overlay of anatase (red) and amorphous (green)) of a reactive e-

beam coated TiO2 thin film annealed at 420 °C. This map appears already in Fig. 139. Positions 1 – 4 

mark the measurement points of the corresponding spectra in Fig. 141. 

 

Fig. 141: Locally resolved Raman spectra taken at the four positions that are marked in Fig. 140 and 

average spectrum of Nb0 annealed at 420 °C. Literature positions are marked by vertical transparent 

lines for anatase (red solid), brookite (orange narrowly dashed), and rutile (blue widely dashed).  
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The red spectra are close to the average spectrum. Brookite present in all spectra (several 

spectra were examined, but for clarity only the displayed four locally resolved spectra are 

presented). Thus, brookite homogeneously distributed in the resolution of the maps 

(0.5 µm – 1 µm). No clearly distinct spectral information of rutile is present. In the green spectra, 

strong broad features superimpose the anatase spectra. These features resemble amorphous 

TiO2. 

In the rutile map (I447/I467) of the film annealed at 750 °C, high intensity is visible along 

straight lines. The corresponding brookite map shows few positions with high intensity. Also, 

medium high intensities are visible at the same positions at which the rutile map is strong, which 

might be caused by the rutile multi-phonon peak at 245 cm-1. The positions with the highest 

intensity of each Raman phase map (anatase, brookite, rutile) are marked in the combined phase 

map in Fig. 142. 

 

Fig. 142: Combined TiO2 phase maps (overlay of anatase (red), amorphous or brookite (green), rutile 

(blue)) of a reactive e-beam coated TiO2 thin film annealed at 750 °C. This map appears already in Fig. 

139. Positions 1 – 3 mark the measurement points of the corresponding spectra in Fig. 143. 

Fig. 143 shows the corresponding spectra with the highest intensity in the phase maps of 

anatase (red), brookite (green), and rutile (blue), and the average spectrum (black) of the map. 

 

Fig. 143: Locally resolved Raman spectra taken at the three positions that are marked in Fig. 142 and 

average spectrum of Nb0 annealed at 750 °C. Literature positions are marked by vertical transparent 

lines for anatase (red solid), brookite (orange narrowly dashed), and rutile (blue widely dashed). 
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The spectrum of position (1) (red spectrum), is similar to the average spectrum (black) 

with more intense first-order anatase Raman peaks. The spectrum of position (2) (green) is also 

comparable to average spectrum. It is slightly lower in most parts of the spectral range, except 

for the range 150 cm-1 – 380 cm-1, in the range of the most intense brookite peaks in literature. 

A small bump at 245 cm-1 might indicate the existence of brookite.  

The spectrum of position (3) (blue) includes weak but sharp spectral information of the 

rutile Eg and A1g phonon at 447 cm-1 and 612 cm-1. The anatase first-order Raman peaks a 

weaker than in average spectrum (half of the intensity). The spectral background is more intense 

and broader as compared to other spectra, indicating disorder. 

7.2.2 Anatase phonon maps: variation of Nb content and annealing temperature 

Fig. 144 shows combined phonon maps of e-beam evaporated Nb0, Nb1, and Nb2 films 

on B270 glass (deposited at 250 °C, annealed at 420 °C, 530 °C, 640 °C) or on fused silica 

(annealed at 750 °C). They are overlay phonon maps of the Eg(1) (red), B1g (green), A1g/B1g-

doublet (blue) vibrations. The combined phonon maps were prepared as described in chapter 

2.2.2.1. 
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Fig. 144: Combined phonon maps of anatase (Eg(1) (red), B1g (green), A1g/B1g-doublet (blue)) of e-beam 

evaporated Nb0 (left), Nb1 (mid), and Nb2 (right) films on B270 glass (deposited at 250 °C, annealed at 

420 °C, 530 °C, 640 °C) or on fused silica (annealed at 750 °C). 

The as deposited films are amorphous (see Fig. 102 in chapter 6.1.2.4) and the Raman 

maps do not show any structure beyond noise.  

The anatase phonon maps of the crystalline films (post-heated above 400 °C) show 

microstructures of homogeneous anatase peak intensities. In the red areas, the Eg(1) peak at 
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143 cm-1 is strongest (also the E(2) and Eg(3) peak, not shown); in the blue areas, the B1g peak 

at 399 cm-1 is strongest; and in the cyan areas, the B1g peak as well as the A1g/B1g doublet at 

517 cm-1 are strong. 

The structure of anatase is nearly homogenous in the undoped films. The size of the 

visible domains of the films are in the range of the lateral resolution of the maps, but when 

compared to the diode sputtered films, a certain kind of structure is visible. The domains of the 

Nb-doped films have a higher contrast and they become larger with increasing Nb-doped films. 

The structures in the Nb0 films are below 1 µm, while the average domain sizes are around 

1.5 µm (Nb1), 2.5 µm (Nb2). 

The anatase phonon maps of the undoped films have dark areas that are not found in the 

doped films. The Nb0 films that were post-heated at 420 °C and 530 °C are not completely 

crystalline. The dark area in the Nb0 film post-heated at 750 °C show rutile structures (in 

addition to anatase) – as will be shown in chapter 7.2.1. As mentioned in chapter 2.2.2, the 

maps are normalized to the color intensities: the weakest values are black and the strongest 

values are full color. Thus, black does not mean zero intensity, but relatively low intensity for 

each of the three anatase phonons. 

The Nb-doped films are fully crystalline already at the lowest annealing temperature 

(420 °C). So, the maps confirm the assumption (in chapter 5.4) that Nb stabilizes anatase and 

suppresses the other TiO2 phases. 

The maps reveal that the relative intensities of the individual anatase oscillations vary 

along the sample surface. Example spectra are shown in Fig. 145. The figure displays arbitrarily 

chosen micro Raman spectra of various positions (gray) and the average spectrum (green) of 

the Nb2 640 °C anatase phonon map (Fig. 144). The spectra are sorted by the intensity of the 

Eg(1) peak at 143 cm-1, noise-filtered, and the substrate spectra are stripped form the measured 

spectrum. 
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Fig. 145: Micro Raman spectra of various positions on the anatase Nb2 640 °C map. The spectra are 

sorted by the Eg(1) height, shifted on the intensity axis by 80 each, and the Eg(1) peak is multiplied by a 

factor of 0.25 with an offset of +60, normalized to the intensity at 1000 cm-1. (Temperature set point of 

500 °C resulted in an annealing temperature of 640 °C ± 20 °C. 

The Raman spectra differ heavily depending on the position of the measurement. Thus, 

average spectra are different from locally resolved spectra. For statistical evaluation of the films 

a Raman map provides more information than a single measurement at one position. 

7.2.3 Topographical analysis using SEM & EDX 

We took SEM images of films on Si wafers that were simultaneously coated with the 

films on B270 glass. The films on Si provide high contrast SEM images. The images show 

structures of nano topography (Fig. 146) as well as micro topography (Fig. 149): small grains 

in the nm scale and domains in the µm scale which are larger with increasing Nb content. The 

micro-structures found in SEM images have comparable size to those found in the Raman 

phonon maps. 

Fig. 146 shows SEM images of the nano-structure taken in 200 000 x magnification of (a) 

TiO2, (b) Ti0.92O2.25Nb0.08, and (c) Ti0.84O2.25Nb0.16 films on Si wafers annealed at 640 °C. Fig. 
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146 (d) show the boundaries between micro-domains of Ti0.84O2.25Nb0.16 films displayed in Fig. 

149. 

 

Fig. 146: SEM images (200 000 x) of (a) TiO2, (b) Ti0.92O2.25Nb0.08, and (c) Ti0.84O2.25Nb0.16 films annealed at 

640 °C, (d) micro-grain boundaries in the Ti0.84O2.25Nb0.16 film. 

The surfaces of the undoped films have sinter structures of partly agglomerated grains 

with a mean size of 50 nm (distributed from 10 nm – 400 nm) and sub-grains of 20 nm (10 nm 

– 40 nm). The grains of the doped films have a mean size of ca. 10 nm (5 nm – 15 nm) in the 

Nb1 films and of ca. 15 nm (5 nm – 20 nm) in the Nb2 films. The grain size of the undoped 

films is significantly smaller than the crystallite size estimated from XRD, yet the SEM figures 

show films grown on Si, and XRD was performed on films that were coated onto B270 glass. 

The boundaries between the sintered structures in the undoped films are 6 nm broad (and 

vary between 3 nm – 20 nm), as was determined by various SEM pictures of films on B270 glass 

and Si wafers taken at magnifications of 100 000, 200 000, and 1 000 000. Examples of such 

SEM pictures can be found in the appendices in and Fig. 199 to Fig. 201. 

Fig. 146 (d) shows another area of the same Nb2 film annealed at 640 °C shown in Fig. 

146 (c). Clear boundaries are visible in the figure. These boundaries separate micro-domains 
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(see Fig. 148 and Fig. 149) that resemble the structures found in the Raman anatase phonon 

maps (chapter 7.2.2). The boundaries between the microstructures in the Nb-doped films are 

also 6 nm (±1 nm) broad, as was determined from SEM pictures taken at magnifications of 

100 000 and 200 000. Example figures are shown in Fig. 202 and in Fig. 203 in the appendices. 

We performed an EDX linescan across such a boundary, which reveals that the Si 

substrate is more visible in the boundary. Fig. 147 shows the position of the linescan and the 

normalized intensities (average = 1) of Ti, O, Nb and Si. 

 

Fig. 147: EDX linescan across a domain boundary of as Ti0.84O2.25Nb0.16 film annealed at 640 °C, and 

normalized intensities (average = 1) of Ti, O, Nb and Si. 

The measurements were taken in 20 nm steps and the theoretical lower limit of lateral 

resolution is around 10 nm – 40 nm for the elements (Ti, O, Nb, Si). A clear trend is visible for 

all elements at the boundary. In the edge, the Si sample is more visible. 

Fig. 148 (a) shows several micro-domains of a Ti0.84O2.25Nb0.16 film annealed at 640 °C 

in 10 000 x magnification. Each of the domains is characterized by an individual brightness 

which is rather homogeneous within the individual domains. The boundaries between the 

domains have either high contrast or are barely visible. High- as well as low-contrast boundaries 
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are visible in the SEM image in Fig. 148 (b) (100 000 x magnification). One reason might be 

that the electron conductivity of the various boundaries could differ. The absence of high 

contrast might also be caused by sample alignment in the SEM. 

 

Fig. 148: SEM images of a Ti0.84O2.25Nb0.16 film annealed at 640 °C in (a) 10 000 x and (b) 100 000 x 

magnification, providing a detailed view on the micro-domains. 

Fig. 149 shows SEM images taken in 4000 x magnification, which show topographies in 

micro-scale of (a) TiO2, (b) Ti0.92O2.25Nb0.08, (c) Ti0.84O2.25Nb0.16 films on Si substrates annealed 

at 640 °C. Fig. 149 (d) shows the area of (c) scanned with a LABE (low angle backscatter 

electron) detector, which is highly sensitive to the chemical composition of the surface. 
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Fig. 149: SEM images (4000 x) of (a) TiO2, (b) Ti0.92O2.25Nb0.08, (c) Ti0.84O2.25Nb0.16 films annealed at 640 °C 

using the standard SEI (secondary electron imaging) detector, (d) the area of (c) scanned with a LABE 

(low angle backscatter electron) detector. 

The size of the micro-structures in the Nb0 films is around 0.5 µm, and the mean sizes of 

the micro domains of the doped samples are 1 µm (0.5 µm – 2 µm) in the Nb1 films and 1.5 µm 

(0.5 µm – 3 µm) in the Nb2 films. 

The sizes of the domains are in the same order than the ones found in the anatase phonon 

maps on B270 glass and fused silica in Fig. 144. Yet, they are around 2/3 the size, which could 

be caused by the different measurement techniques or also by varying film growths on different 

kinds of substrates (B270 glass or Si wafer). 

The LABE image looks similar to the one scanned with the standard SEI (secondary 

electron imaging) detector, but with low contrast. This indicates that the LABE image does not 

provide additional (chemical) information to the SEI image. 

Also, a variation of chemical composition between the domains was not found by EDX 

maps (see Fig. 205 in the appendices). We performed an EDX mapping at a magnification of 

16 000 x in an area of 4 µm × 4 µm, which contains four facets. The measurement was performed 
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with an acceleration voltage of 5 kV with 1000 counts per second and was limited to 8 minutes 

in order to avoid an impact of sample shift. Fig. 205 shows the measured distribution of (a) Ti, 

(b) O, (c) Nb, and (d) Si, each as semi-transparent layers on top of the SEM map image of the 

scanned area. The elements are uniformly distributed and do not correlate with the facets visible 

in the SEM images. Further mappings at a magnification of 4000 x showed the same results. 

The SEM images in Fig. 150 show inclined views on the films edges and surfaces of (a) 

TiO2, (b) Ti0.92O2.25Nb0.08, and (c) Ti0.84O2.25Nb0.16 films on Si annealed at 640 °C. The micro 

domains are visible as topographically distinct areas on the Nb-doped films. The film edges of 

the doped films are partly in line with the edge of the Si substrate and partly split off along the 

boundaries of the domains. Fig. 150 (d) shows an intact domain that broke off during the 

preparation of the film edge and lies on top of the Ti0.84O2.25Nb0.16 film. This demonstrates 

strong bonds within the domains. 
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Fig. 150: SEM images (50 000 x) of film edges of e-beam coated films on Si substrates annealed at 640 °C: 

(a) TiO2, (b) Ti0.92O2.25Nb0.08, and (c) Ti0.84O2.25Nb0.16. (d) shows another part of the edge shown in (c) with 

an intact domain that was broken off the edge. 
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Fig. 151: SEM images (200.000 x) of film edges of (a) TiO2 annealed at 420 °C, (b) TiO2 annealed at 640 °C 

(c) Ti0.92O2.25Nb0.08 annealed at 640 °C, and (d) Ti0.84O2.25Nb0.16 annealed at 640 °C. 

 

Fig. 151 shows films edges of (a) a TiO2 thin film annealed at 420 °C; as well as (b) TiO2, 

(c) Ti0.92O2.25Nb0.08, and (d) Ti0.84O2.25Nb0.16 thin films annealed at 640 °C. Porous structures 

are visible in the undoped films, with grain size growing from 25 nm (10 nm – 40 nm) to 50 nm 

(20 nm – 130 nm) with the annealing temperature increasing from 420 °C to 640 °C. Thereby 

the films become more compact and the thickness decreases from 300 nm to 285 nm. The 

displayed edges of the Nb doped films have mainly columnar structures with parallel grains 

aligned horizontally or tilted by 45°. 

The strong bonds within the micro-domains, the parallel alignment of the grains in the 

domains, as well as the homogeneous Raman spectra within the domains indicate that the 

micro-domains are crystallites. 
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7.2.4 Crystallization process of Ti0.92O2.25Nb0.08 films 

We have observed the crystallization process of e-beam coated Ti0.92O2.25Nb0.08 films on 

B270 glass in dependence on the annealing temperature. Fig. 152 shows anatase Raman phonon 

maps of Ti0.92O2.25Nb0.08 films annealed at 350 °C, 375 °C, 400 °C, and 450 °C. 

 

Fig. 152: anatase Raman phonon maps of Ti0.92O2.25Nb0.08 films annealed at 350 °C, 375 °C, 400 °C, and 

450 °C. 

At 350 °C, only amorphous TiO2 spectra are found, no Raman domains are resolved. At 

375 °C, the film has nuclei in an amorphous matrix (which are also observed in SEM, see in 

Fig. 155). The Raman spectra are amorphous or crystalline depending on the position at which 

the spectrum was measured (see Fig. 154). 

The film that was annealed at 400 °C is completely crystallized and domains of around 

1 µm size with homogeneous phonon intensities are visible in the anatase phonon maps. At 

450 °C, the anatase first-order intensity is higher and the edges of the domains are sharper on 

the map, which indicates more ordered structures. 

Fig. 153 shows the anatase phonon maps of a Ti9.92O2.25Nb0.08 film annealed at 375 °C: 

(a) Eg(1) (red), (b) AB1g (blue), (c) B1g (green), and (d) combined phonon map (already shown 

in Fig. 152). 
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Fig. 153: Anatase phonon maps of a Ti9.92O2.25Nb0.08 film annealed at 375 °C: (a) Eg(1) (red), (b) AB1g 

(blue), (c) B1g (green), and (d) combined phonon map. 

Small crystalline islands are clearly visible with sizes mainly below 1 µm. Considering a 

variation of brightness in the smaller crystals, several should be smaller than the lateral 

resolution of the maps ca. 0.6 µm. Indeed, we found smaller crystalline islands by SEM (see 

Fig. 155). In the combined phonon map (Fig. 153 (d)), the crystalline structures are either red, 

blue, or cyan. This implies that in the individual Raman spectra either (1) the Eg vibrations are 

strong (red), (2) the A1g/B1g-doublet is strong (blue), or (3) the A1g/B1g-doublet as well as 

the B1g peak at 399 cm-1 are strong (cyan). Eg modes are vibrations in a-direction and A1g in 

c-direction. B1g vibrations are also in c-direction, but the detected Raman intensity varies by 

cos(2θ)a with a rotation by around the a-axis. This is a simplified description of the behavior of 

crystalline orientation with Raman. For more details, see Giarola et al.107 

Fig. 154 shows Raman spectra of randomly chosen coordinates of the map in Fig. 153 which 

contain bright spots or dark areas after stripping the substrate spectra. As for each map, 

beforehand the cosmic rays had been removed and the noise filter had been applied (see chapter 

2.2.1). The spectra in the dark area show amorphous TiO2 and reveal that the bright areas are 

crystalline islands in an amorphous matrix. Non-localized spectra average over the whole 

sample and intermingle topographic differences. 
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Fig. 154: Various crystalline anatase and amorphous TiO2 spectra that correspond to randomly chosen 

coordinates of the map in Fig. 153 (sorted by the intensity of the Eg(1) peak). The spectra are shifted by 60 

units on the Raman intensity axis, the range between 100 cm-1 and 200 cm-1 is divided by 4 and then 

shifted upwards by 90 units. 

SEM confirms crystalline islands in amorphous matrix in the Ti0.92O2.25Nb0.08 film 

annealed at 375 °C, as can be seen in Fig. 155. 

 

Fig. 155: SEM image of Ti0.92O2.25Nb0.08 film annealed at 375 °C (same resolution as in Fig. 153). 

7.2.5 Crystallization of films with stoichiometric oxygen content 

In contrast to the films with over-stoichiometric O content (Ti0.92O2.25Nb0.08), a film that 

contains stoichiometric O content [(Ti+Nb)1O2] film is completely crystallized already after 

annealing at 350 °C, as can be seen in the anatase phonon map in Fig. 156. 
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Fig. 156: Raman anatase phonon map of an e-beam coated Ti0.92O2Nb0.08 (right) film on B270 glass after 

annealing at 350 °C. 

Thus, over-stoichiometric oxygen content seems to hinder nucleation. Future experiments 

should do more studies on oxygen content. 

7.2.6 Conclusions 

We produced Raman TiO2 phase maps and Raman anatase phonon maps of as-deposited 

and post-heated reactive e-beam evaporated undoped and Nb doped TiO2 thin films. The Raman 

maps of the films are amorphous over the whole area after deposition. The maps are produced 

with a 633 nm laser in areas of 30 µm × 30 µm in 0.25 µm steps and a lateral resolution of 

around 0.6 µm. 

Undoped TiO2 films crystallize continuously with the post-heating temperatures 

increasing from 420 °C to 640 °C. At 420 °C, the maps contain areas in which the amorphous 

TiO2 content is larger than in the average of the map. At 640 °C they consist almost entirely of 

anatase. Traces of brookite are homogeneously distributed (in the resolution of the maps) and 

disappear with increasing post-heating temperature (and with a relaxing anatase lattice, see 

chapter 6.1.2.3.1). Rutile appears aligned in thin strings in the map of the undoped film annealed 

at 750 °C. 

In the chapters 5.4 (quantitative analysis) and 6.1.2 (qualitative analysis), we found that 

Nb favors anatase growth and suppresses the other phases. This is also reflected in the Raman 

maps of the Nb-doped films: the whole area of the map is crystallized already at 400 °C. 

Over-stoichiometric O content hinders initial crystallization. Films with stoichiometric O 

content [(Ti+Nb)1O2] are crystalline already after post-heating at 350 °C, while in the films 

with higher oxygen content crystallization starts at around 375 °C. Crystallites evolve from 

nuclei in an amorphous matrix. 

SEM figures of the films show nanostructures and additionally reveal distinct areas in µm 

size. The areas differ from each other in contrast and they are separated by boundaries with a 

width of around 4 nm. The chemical composition is homogeneous over the sample surface and 
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does not differ from domain to domain. The anatase Raman phonon maps deliver additional 

information about the areas found in SEM. 

The anatase Raman phonon maps contain domains on a µm scale, revealing a texture of 

a and c phonons. The intensity ratios of anatase Eg(1), B1g, and AB1g phonons are 

homogeneous within the domains and vary between the individual domains. These domains 

become larger with increasing Nb content and do not change significantly with increasing 

annealing temperature. When the samples are broken apart in liquid nitrogen, the films break 

along the domain boundaries with the domains remaining intact.  
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7.3 Plasma-emission controlled rf-magnetron sputtered Nb-doped TiO2 films 

In this chapter we discuss Raman anatase phonon maps of the PEM rf-magnetron 

sputtered Nb-doped TiO2 thin films that were deposited as described in chapter 2.1.3. The 

Raman spectra of each measurement point of the maps sum up to the average spectra that are 

discussed quantitatively in chapter 5.4 and qualitatively in chapter 6.1.2. 

7.3.1 Anatase Raman phonon maps of PEM sputtered Nb-doped TiO2 films 

Fig. 157 shows the combined anatase phonon maps of PEM controlled rf-sputter coated 

Nb-doped TiO2 thin films on B270 glass. The samples are placed (a) 12.5 mm, (b) 42.5 mm, 

and (c) 72.5 mm horizontally from the Nb wires and the Ti target surface is oxidized by 65%, 

68%, 71%, or 78%. The substrate temperature was around 50 °C during the deposition, and 

the samples were post-heated at 475 °C (±20 °C). 
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Fig. 157: Combined anatase phonon maps of PEM controlled rf-sputter coated Nb-doped TiO2 thin films 

on B270 glass. The samples are placed (a) 12.5 mm, (b) 42.5 mm, and (c) 72.5 mm horizontally from the Nb 

wire, and the Ti target surface is oxidized by 65%, 68%, 71%, or 78%. 

The combined anatase phonon maps mainly consist of anatase with phonon domains of 

various sizes. The map of the 65%-ox.t (a) shows crystalline islands in an amorphous matrix. 

No growth of the islands occurs upon further post-heating at 530 °C (not shown). All other 

films are completely crystalline. The 78%-ox.t films are crystalline but has no domain structure 

beyond the resolution of Raman mapping. They have the finest crystalline structure. 

Not shown in the maps is the following. In the 65%-ox.t (a) map there is a defect in the 

glass between the center and the right bottom corner (small round black area). There the 

intensity of the glass spectrum is very high. The largest anatase crystallite of this map formed 

around this defect. In the dark areas in the 65%-ox.t (b) map there are defects in the glass. We 
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found brookite in the spectrum of the 78%-ox.t (a) and (c) films (see Fig. 124 in chapter 6.1.3.3). 

In the resolution of the map, brookite is evenly distributed (as is anatase). 

In the 71%-ox.t (a) phonon map contains areas of the dark straight lines. There, we could 

not find anatase. In these lines there are no changes in the range of 1000 cm-1. In the spectrum 

of the average spectrum of that map we found rutile (see Fig. 124 in chapter 6.1.3.3). We 

therefore made a “rutile” I447/I467 map. In that map (not shown) noise is strong. Here, the area 

around the lines are more intense than the average spectrum. Also other structures of 10 µm 

size are visible within the whole map. The spectrum in the dark lines resemble those of glass. 

Thus, there might be either broad rutile peaks with low intensity or there could be a scratch in 

the sample which goes into the bulk glass and thus only glass might be visible in the spectra of 

that areas. 

The 68%-ox.t and the 71%-ox.t films have the clearest domain structures. The 68%-

ox.t (a) film has the largest domains. Fig. 158 shows the average domain sizes of each map. A 

dashed horizontal black line is added at 2 µm that discriminates the best conducting samples 

(with clear micro domains larger than 2 µm) from the weakly conducting ones (see Fig. 159). 

 

Fig. 158: Phonon domain sizes in the combined anatase phonon maps of PEM controlled rf-sputter coated 

Nb-doped TiO2 thin films on B270 glass. The samples are placed (a) 12.5 mm, (b) 42.5 mm, and (c) 

72.5 mm horizontally from the Nb wire, and the Ti target surface is oxidized by 65%, 68%, 71%, or 78%. 

All 68%-ox.t films and the 71%-ox.t (a) film have phonon domain sizes larger than 2 µm. 

The largest domains are found for the 68%-ox.t (a) film with a domain size of around 25 µm. 

This film is also the best conducting film of this set of samples. Fig. 159 shows the conductivity 

vs. the phonon domain size (as a double logarithmic plot). Potential trendlines are added to 

guide the eye. 
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Fig. 159: Conductivity vs. phonon domain of PEM controlled rf-sputter coated Nb-doped TiO2 thin films 

on B270 glass. The samples are placed (a) 12.5 mm, (b) 42.5 mm, and (c) 72.5 mm horizontally from the Nb 

wire, and the Ti target surface is oxidized by 65%, 68%, 71%, or 78%. 

For each of the four oxidation states of the Ti target, the conductivity increases with 

increasing phonon domain size. There might be a critical domain size of 2 µm above which the 

conductivity drastically improves. 

Fig. 160 shows the conductivity of the samples that were annealed at 475 °C. The 

conductivities are lower than those of the films annealed at 530 °C (see Fig. 122 in chapter 

6.1.3.1), but it confirms the trend of a region around 68%-ox.t. (a) for optimum coating 

conditions that lead to well conducting films. 

 

Fig. 160: 2D representation of the conductivity of the films annealed at 475 °C vs. the oxidation state of the 

Ti target surface and the position of the sample horizontally from the Nb wires. 

Fig. 161 compares the average conductivities of the films annealed at 530 °C (chapter 

6.1.3.1) and at 475 °C (chapter 6.1.3.3) (top) with the anatase phonon domain sizes (bottom) as 

2D functions of the Ti target oxidation and the position of the sample horizontally from the Nb 

wires. 
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Fig. 161: 2D representations of the average conductivity of both annealing temperatures (530 °C and at 

475 °C) (top), and the Raman domain size (bottom) vs. the oxidation state of the Ti target surface and the 

position of the sample horizontally from the Nb wires. 

In these 2D representations a strong correlation is visible: the “region” of good 

conductivity around 68%-ox.t. (a), (i.e. a film with a high Nb content produced with a 68% 

oxidized target surface) agrees well with the region of high phonon domain size. Fig. 162 

shows 2D representations of Raman anatase peak parameters of the Eg(1) peak (left) and the 

B1g peak (right) vs. the ox.t. and the sample position. The figures show the peak widths (top), 

positions (middle), and intensities (bottom). 
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Fig. 162: 2D representations of Raman anatase peak parameters of the Eg(1) peak (left) and the B1g peak 

(right) vs. the ox.t. and the sample position. The figures show the peak widths (top), positions (middle), 

and intensities (bottom). 

A comparison of Fig. 162 and Fig. 161 indicates that an anatase B1g redshift, the and 

Eg(1) peak width correlate with large phonon domains and good conductivity. Also, the B1g 

peak width shows a certain correlation with the conductivity and the phonon domain size. The 

Eg(1) peak position does not correlate with the conductivity or the phonon domain size. The 

Eg(1) and B1g Raman line intensities of the well conducting films are low (see also Fig. 124 in 

chapter 6.1.3.3). 
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The intensity of the A1g/B1g-doublet behaves similar to the B1g peak – the 

corresponding 2D representation is shown in Fig. 206 the appendices. The stoichiometry was 

not measured for this set. The B1g position does not correlate with the Nb or O content of the 

films that were post-heated at 530 °C presented in Fig. 121. Gautam et al. assign a redshift (and 

asymmetric broadening) of the B1g position to a reduction of Ti4+ ions to Ti3+ ions by Nb5+ 

incorporation into the lattice.189 Thus, the B1g position might by seen as an indicator for the 

amount of efficiency of Nb5+ incorporation into the titania lattice. 

7.3.2 Variation of the sample position and film thickness 

 

Fig. 163: Combined anatase phonon maps of PEM controlled rf-sputter coated Nb-doped TiO2 thin films 

on B270 glass, with 71% oxidation of the Ti target surface. The samples are placed (a) 12.5 mm, (b) 

42.5 mm, and (c) 72.5 mm horizontally from the Nb wires are deposited for 10, 20, 40, and 60 minutes. 
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The combined anatase phonon maps show domains of homogeneous phonon intensities 

in the Raman spectra. The domains of the films deposited for 20 min or more are larger and 

have simpler geometric structures as compared to the films deposited for 10 min. The domain 

size seems to be independent of the mass density. Fig. 164 shows the mean sizes of the phonon 

domains in each combined anatase phonon map. 

 

Fig. 164: S1-S4: Phonon domain size vs. film thickness, in the Raman maps of the samples coated at 

positions (a) 12.5 mm, (b) 42.5 mm, and (c) 72.5 mm horizontally from the Nb wires. 

A film thickness above 150 nm (or a deposition time of 20 minutes) provides films with 

large phonon domains (2 µm to 8 µm) in position (a) and (b) films. More Nb and thicker films 

lead to larger domains with regular shape. The domains at position (c) are the smallest. Thus, 

in the films deposited at positions (a) and (b) grain growth seems to be favored among 

nucleation as compared to the films deposited at position (c). The films deposited at position 

(c) seem to have a higher density of nuclei during the film growth. 

7.3.3 Conclusions 

We created anatase Raman phonon maps of Nb doped TiO2 thin films coated with PEM 

controlled rf-magnetron sputtering. The maps reveal that the films contain micro domains in 

which the phonon vibrations are homogeneous. The domain size depends on the film thickness. 

Above a thickness of 150 nm, textures in the µm range are created. With a favorably chosen 

degree of oxidation of the sputtering target (around 68%), textures of a and c phonon domains 

are observed on a scale of 10 µm. Such layers have a high conductivity up to approximately 

2 S/m for a post-heating temperature of 475 ° C and up to 7 S/m for a post-heating temperature 

of 530 °C. Layers produced under other conditions also show exceptionally high conductivities 

if the domain sizes exceed the critical value of 2 µm. 
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Crystallization in the PEM controlled rf-magnetron sputter coated post-heated films 

evolves from nuclei in an amorphous matrix – like in the as deposited amorphous e-beam coated 

Nb doped thin films in chapter 7.2. This is visible in the Raman map of the 65%-ox.t (a) film. 

All other maps show that the films are fully crystallized and consist of mainly anatase. Brookite 

is found in the films coated with a high oxidized Ti target (78%-ox.t.) with low Nb content and 

cannot be spatially resolved. 

The phonon domain size in the combined Raman anatase phonon maps correlates 

positively with increasing conductivity, a redshift of the B1g peak and an increase of the Eg(1) 

peak width found in chapter 6.1.2.4. The redshift does not strictly correlate with the Nb content 

in the films but might indicate the efficiency of Nb incorporation into the TiO2 lattice. 
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8 Complementary findings of chapters 4, 5, 6, and 7 

In the following, we emphasize a selection of findings in the different studies that 

correlate or complement each other. The studies are: the decomposition of TiO2 thin film 

Raman spectra (chapter 4), quantitative evaluation of the decomposed Raman spectra (chapter 

5), characterization of structural properties of the TiO2 thin films that include the decomposed 

Raman spectra (chapter 6), and the Raman maps (chapter 7). 

8.1 Correlations in the studies of the rf-diode sputtered films 

In chapter 5.5 we found a relatively low Raman/XRD intensity ratio of the crystalline 

phases in spectra/diffractograms of the rf-diode sputtered TiO2 films as compared to e-beam 

coated films. The Raman/XRD intensity ratio is smaller by a degree of two. This correlates with 

the high defect density in these films, which we estimated in chapter 6.1.1. The estimated defect 

density in the rf-diode sputtered films is twice as high as would be expected from perfect 

crystals. The presence of rutile (found in chapter 5.2) in all films (coated at 155 °C – 415 °C) 

suggest that the films were bombarded by ions with a high kinetic energy, which probably also 

incorporate defects into the film. 

Thus, for a given crystallite size, Raman peaks that are broader than predicted by the 

q-vector relaxation model as well as a decrease in Raman intensity can indicate high defect 

density. We follow the interpretation in literature that defects (additionally to those arising from 

crystallite boundaries) affect phonon vibrations (peak width and intensity) to a larger degree 

than the coherence length of XRD. We suggest extending the q-vector relaxation model by a 

parameter α that affects the Raman peak width and represents the average number of defects in 

a polycrystalline material. Future studies should evaluate in which way (or in how far) the 

parameter should be implemented into the model. 

8.2 Correlations in the studies of the reactive e-beam coated films 

The Raman/XRD intensity ratio of anatase of the Ti0.92O2.25Nb0.08 film post-heated at 

375 °C is about twice as high as those of the fully crystallized films (see chapter 5.4). The 

corresponding Raman maps revealed that the film consists of anatase crystals in an amorphous 

matrix, while the other films are (vastly or) fully crystallized over the whole surface (chapter 

7.2). This suggests that either a high amount of the crystals in the film are so small that they are 

X-ray amorphous or that phonons of crystals that are surrounded by amorphous material are 

weakened when the crystallites are separated from surrounding crystallites by grain boundaries. 
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8.3 Correlation between the Raman spectra of amorphous and crystalline TiO2 phases 

In chapter 6.3, we simulated a Raman spectrum composed of broad spectra arising from 

“nominal crystalline” structures that resemble those of anatase, brookite and rutile, and fit the 

model spectrum to an experimental Raman spectrum of amorphous TiO2. We used models to 

simulate the nominal crystalline phases similar to those used for the decomposition of the 

measured Raman presented in chapter 4. The modeled spectra suggest that amorphous TiO2 can 

be decomposed into broad spectra arising from anatase, brookite and rutile that contain high 

intense nominal phase backgrounds – indicating a large amount of disorder. 

From the fit results we estimated a size of 3 nm – 4 nm with the q-vector relaxation model 

for the structures that resemble disordered anatase or rutile crystallites. Arbitrarily assuming 

that the parameter α in the model affects the peak width linearly with the number of defects, we 

estimated a defect distance in the nominal crystallites of 0.8 nm, which corresponds to the size 

of 1-2 anatase or rutile unit cells. 

We are aware that the broad features in the Raman spectra could also be a Gaussian 

distribution of Lorentz peaks and rather describe the distribution of the binding forces rather 

than to arise from “defects”. The peaks then should be simulated by Gaussian or Pseudo-Voigt 

profiles. Yet, still, the resulting model spectra (not shown) look similar. Anyway, we can at 

least conclude that the Raman spectrum of amorphous TiO2 can be simulated by a sum of 

Raman spectra that resemble those of anatase, brookite and rutile, which suggests that the 

atomic binding forces of amorphous TiO2 resemble those of crystalline TiO2. 

8.4 Correlations in the studies of the PEM controlled rf-magnetron sputtered films 

The electrical conductivity of the Nb-doped rf-magnetron sputtered TiO2 thin films 

increases with a redshift of the anatase B1g position, but not with the Nb content (chapter 6.1.3). 

The B1g position might indicate the efficiency of Nb5+ incorporation into the TiO2 lattice. The 

Raman maps reveal that the films consist of micrograins (or anatase phonon domains) that 

contain nanocrystallites with homogeneous orientation (chapter 7.3). Such microstructures are 

also visible in SEM images. The phonon domains are absent or smaller than the resolution of 

the Raman maps when brookite is present in the films. A certain degree of Ti target oxidation 

(68%-ox.t) produces films with the largest micrograins. The electrical conductivity increases 

drastically with the anatase phonon domain size. As the conductivity correlates the strongest 

with the anatase phonon domain size, manufacturers that produce Nb-doped anatase for 

electrical applications should have a focus on maximizing the anatase phonon domain size. 



 

292 

 

Appendices 

 

Fig. 165: Darkfield spectrum measured inside of a Renishaw InVia µ Raman spectrometer (without 

incident laser beam). 

 

 

 

Fig. 166: Screenshot of the Renishaw noise filter program. The top left window shows the correlation 

function, the top right figure is the map and the amount of signal (low = green, high = red) that is affected 

by the PCA component (here, component 100 is shown). The lower window shows the residual signal that 

remains when all higher components are deleted. 
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Fig. 167: Example of an auto-correlation function that becomes stationary above 100 components. 

 

 

 

Fig. 168: Measured (black) and modeled (dashed red) X-ray diffractogram of a Ti0.84O2.25Nb0.16 film on 

B270 glass (light blue) measured in θ-θ geometry. The films was e-beam evaporated and post-heated at 

640 °C. The residual spectrum contains strong signals arising from the substrate holder. 
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Fig. 169: Decomposition of a 633 nm Raman spectrum of an rf-magnetron sputtered Nb-doped TiO2 thin 

film on a B270 crown glass substrate (deposited 12.5 mm horizontally from the Nb wire with an estimated 

target surface oxidation of 68%) into anatase, rutile, brookite, amorphous TiO2, substrate, and the 

substrate. The main phase, anatase, has a strong phase background. The anatase phase background is so 

intense that it can hardly be separated from the extremely weak anatase B1g peak or from possible small 

rutile or amorphous TiO2 contents. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, 

and 7) steps of 50 units as indicated by dotted lines. 
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Fig. 170: Decomposition of an X-ray diffractogram of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 155 °C into anatase, rutile, brookite, amorphous TiO2, substrate, and 

instrument background. The diffractograms are shifted on the intensity axis in steps of 25 000 counts as 

indicated by dotted lines. 
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Fig. 171: Decomposition of an X-ray diffractogram of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 200 °C into anatase, rutile, brookite, amorphous TiO2, substrate, and 

instrument background. The diffractograms are shifted on the intensity axis in steps of 25 000 counts as 

indicated by dotted lines. 
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Fig. 172: Decomposition of an X-ray diffractogram of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 275 °C into anatase, rutile, brookite, amorphous TiO2, substrate, and 

instrument background. The diffractograms are shifted on the intensity axis in steps of 25 000 counts as 

indicated by dotted lines. 
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Fig. 173: Decomposition of an X-ray diffractogram of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 415 °C into anatase, rutile, brookite, amorphous TiO2, substrate, and 

instrument background. The diffractograms are shifted on the intensity axis in steps of 25 000 counts as 

indicated by dotted lines. 



 

299 

 

 

Fig. 174: Decomposition of a 633 nm Raman spectrum of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 155 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 25 units as 

indicated by dotted lines. 
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Fig. 175: Decomposition of a 633 nm Raman spectrum of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 200 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 30 units as 

indicated by dotted lines. 
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Fig. 176: Decomposition of a 633 nm Raman spectrum of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 275 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 30 units as 

indicated by dotted lines. 
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Fig. 177: Decomposition of a 633 nm Raman spectrum of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 415 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 50 units as 

indicated by dotted lines. 



 

303 

 

 

Fig. 178: Decomposition of a 532 nm Raman spectrum of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 155 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 5 units as 

indicated by dotted lines. 
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Fig. 179: Decomposition of a 532 nm Raman spectrum of a TiO2 thin film on an rf-diode-sputtered B270 

crown glass substrate deposited at 200 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 10 units as 

indicated by dotted lines. 
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Fig. 180: Decomposition of a 532 nm Raman spectrum of an rf-diode-sputtered TiO2 thin film on a B270 

crown glass substrate deposited at 275 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 10 units as 

indicated by dotted lines. 
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Fig. 181: Decomposition of a 532 nm Raman spectrum of a TiO2 thin film on an rf-diode-sputtered B270 

crown glass substrate deposited at 415 °C into anatase, rutile, brookite, amorphous TiO2, and the 

substrate. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) steps of 15 units as 

indicated by dotted lines. 
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Fig. 182: Measured (black) and modeled (dashed red) X-ray diffractogram of a titanium oxide thin film 

with 8 at.% Nb – e-beam evaporated onto a fused silica substrate and post-heated at 750 °C – decomposed 

into a background (light blue) and a thin film (dark red). The background is split into the fused silica 

substrate (medium blue) and an instrument background (dashed dark blue). The film is decomposed into 

anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 (dark gray). The residual 

diffractogram is medium gray. The diffractograms are shifted on the intensity axis in steps of 10 kcps as 

indicated by dotted lines. 
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Fig. 183: Measured (black) and modeled (dashed red) spectrum of an e-beam coated titanium oxide thin 

film doped with 8 at.% Nb on fused silica post-heated at 750 °C – decomposed into substrate (light blue) 

and thin film (dark red). The substrate spectrum is split into luminescence (mid blue) and Raman bands 

(dashed dark blue) and the thin film is decomposed into anatase (green), brookite (orange), rutile (blue), 

and amorphous TiO2 (dark gray) spectra. The crystalline spectra are divided into first-order scattering 

(black dashed lines) and phase background (light gray lines). The excluded range is light red and the low 

priority range is light brown. The Raman spectra are shifted on the intensity axis in (1, 2, 3, 4, 5, and 7) 

steps of 200 units as indicated by dotted lines. 
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Fig. 184: Decomposition of measured B270 glass substrate Raman spectra (532 nm) into luminescence and 

Raman active modes. 

 

 

 

Fig. 185: AFM images of an uncoated B270 glass substrate (left) and a substrate that was coated with TiO2 

for 2 minutes by rf-diode sputtering (right). The images have areas of 1 µm × 1 µm and were taken using a 

height sensor (top) as well as an adhesion sensor (bottom). 
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Fig. 186: XPS spectrum of a TiO2 thin film rf-diode sputtered for 2 minutes onto a B270 glass substrate. 

 

 

 

Fig. 187: Relationship between the Raman peak width and the crystallite size (as estimated by XRD with 

the Scherrer method) of two sets of nano powders differently synthesized from hydrolysis of alkoxide. 

Figure taken from Iida et al.151 
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Fig. 188: Rutile Raman peak positions vs. widths of diode sputtered mixed-phase TiO2 thin films on B270 

glass (Eg: left side, A1g: right side) marked as blue triangles. The arrows indicate increasing deposition 

temperature (155 °C – 415 °C). The figure contains literature values of Swamy et al. (open symbols) and of 

Mazza et al. (closed symbols) as well as the values calculated with a phonon confinement model by Mazza 

et al. Parts of a figure of Swamy et al. is added to this figure.48,163 

 

 

 

Fig. 189: Measured (black) and modeled (“fit”, dashed red) XRD diffractograms of an undoped TiO2 film 

on B270 glass annealed at 640 °C (black), fitted peak positions (blue), and peak positions (dotted red) 

modeled by lattice parameters a and c. The fitted and the modeled positions are less than 0.01° apart. 
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Fig. 190: XRD (101) peak width of e-beam evaporated Nb0, Nb1, and Nb2 thin films in theta-theta 

geometry vs. annealing temperature. 

 

 

 

Fig. 191: Crystallite size of (101)-oriented grains according to Scherrer in e-beam evaporated Nb0, Nb1, 

and Nb2 films vs. annealing temperature. 
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Fig. 192: Raman spectra of varying polarizations (unpolarized (black), circularly polarized (red), 

orthogonally polarized (green)) on various positions on a Ti0.84O2.25Nb0.16 film that was annealed at 640 °C, 

sorted by the height of the Eg(1) peak in the unpolarized spectra. Left: Eg(1) peak. The spectra of each 

position are shifted on the intensity axis. Right: detailed view on the whole range of measurement (same 

spectra), shifted by 50 units on the intensity axis for each position. 
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Fig. 193: Lorentz-Lorentz plots of the refractive indices of Nb0, Nb1, Nb2 with two trendlines each, of 

which one goes through zero. 

 

 

 

Fig. 194: Comparison of the Nb0 trendlines from Fig. 193 with literature values. Parts of Fig. 12 of Mergel 

et al. were copied into this figure.53 
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Fig. 195: Potential current-voltage characteristics of e-beam coated crystalline Nb0, Nb1, and Nb thin 

films on B270 glass. All displayed films show a power of 1.3 (±0.1) relationship. 

 

 

 

Fig. 196: Linear current-voltage characteristics of e-beam coated Nb0, Nb1, and Nb thin films, and of the 

B270 glass substrate. The films are amorphous and not post-heated, except of the crystalline undoped 

films post-heated at 420 °C and 530 °C (light and medium green lines). 
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Fig. 197: Oxygen content of PEM controlled rf-sputter coated Nb-doped TiO2 thin films on B270 glass as 

determined by RBS at the surface (RBS.s), at the interface (RBS.s) and by EDX vs. the average of both 

RBS values. 

 

 

 

Fig. 198: Comparison of Raman peak parameters and conductivities of PEM controlled rf-sputter coated 

Nb-doped TiO2 thin films on B270 glass. The Ti target surface is oxidized by 65%, 68%, 71%, or 78%. 

The samples are placed 12.5 mm, 42.5 mm, and 72.5 mm horizontally from the Nb wires and the film 

thickness decreases with the distance from the wire. 
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Fig. 199: SEM image (100 000 x) of a TiO2 film annealed at 640 °C. 

 

 

 

Fig. 200: SEM image (200 000 x) of a TiO2 film annealed at 640 °C. 
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Fig. 201: SEM image (1 000 000 x) of a TiO2 film annealed at 640 °C. 

 

 

 

Fig. 202: SEM image (100 000 x) of a Ti0.92O2.25Nb0.08 film annealed at 640 °C. 
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Fig. 203: SEM image (200 000 x) of a Ti0.92O2.25Nb0.08 film annealed at 640 °C. 

 

 

 

Fig. 204: EDX spectra of Nb2 (640 °C) with accellaration voltages of 5 kV (red), 10 kV (blue), and 15 kV 

(green). 
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Fig. 205: EDX maps (4 µm × 4 µm) of Ti0.84O2.25Nb0.16 film annealed at 640 °C of (a) Ti, (b) O, (c) Nb, and 

(d) Si. 

 

 

 

Fig. 206: 2D representations of Raman anatase peak parameters of the Eg(1) peak (left) and the B1g peak 

(right) vs. the ox.t. and the sample position. The figures show the peak widths (top), positions (middle), 

and intensities (bottom). 
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blue) and the thin film is decomposed into anatase (green), brookite (orange), rutile (blue), and amorphous TiO2 
(dark gray) spectra. The crystalline spectra are divided into first-order scattering (black dashed lines) and phase 
background (light gray lines). The excluded range is light red and the low priority range is light brown. Same 
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temperatures of 250 °C – 750 °C. For each phase, the Raman intensities refer to the left axis and the X-ray 
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